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USEI,'.'S MALHJALFOI,:. TI]£ I.';MSSSO PROGI-\M

Introduction

This program is concerned with supply support for space

bases. A plan of operations, reflecting scientific as well as

regular living activities at the space b:_se, is assumed to exist.

From this p]an and the hardware technology to be used at the

base a schedule of requirements is generated. Ti,lese require-

ments are in the form of standardized deliverable modules,

Associated with each module is an earliest and latest time

determined by the schedule of requiroments and the allowable

ho]dJng time for the contents of the modu].e. Holding time is:

of course_ a design part, meter contro]led ]:_y the sto__-,_:ge c_p&c.-].ty

built into the space base. In addition to the tJrae intelv[_l for

each models it is assu_ned its loading cha_._-cteristics such as

weight _ diameter and length are known. The problem is to ful-

fill the schedu]e of requirements via a series of trips by

specifying th,_ cargoes for each load J n such a manner that a

time interval exists for scheduling the trip to deliver the

load. q%_e objective, of course, is to const:_:uct the ]o[_,d,_ in

such a _na:]nc.! as to _hinimJ.z< _. the ,Lumber of trips required to

s£'ti_'-fy Lhe schedule of reguJrements. In genera].., the deriva--

t:i.on,of dcI_]nds fo;; a space ba_:e is a. highly com]p].ex process.

Th0_ t<,-}._)_,_,:, (,:"_a.ctivity a:.%__ys s could bc e}.'.treim:,,ly _-_

iFl SLLI.#i_,;'._._:_ !]_),. - '.:,i.!ilt!].[-;_l]+_.OLt:_ ]I_._;__-'].'_.Ctj<>,_ Of ,f!@_;q-Ll_,;_oL:_4".d _1<;,+i --

\_-] C#_ ]c: ,,".:] :; _;b, ]:<.:,_].c'Ci..:.'<] iTi \z_) :i;;_.!_: !)]<,',t-, c_# (_T_-_?-,;it ]<T,!,o #_7



Q

.,.ement in the space base,types of tcchno].og? chosen to imp _

I n _....... ' _ .a_tt:mp,...__ng to foJ.m_ulate the space base supply ]Jr-o-

blem as a mathematical prob]ei_, it would be natural to think

first in terms of the classical assignment problem. The c]_assi-

cal assignment problem provides a mode], for assigning a set. of

objects to a set of locations with a fixed cost for each possi-

ble ass ignmen.t.

Model I Classical Assignment Problem

Letj

Ii]

if module i is assigned to load j

otherwise

qij =, cost of assigning moc_u..e i to load j

b. : bound on nuraber of modules a.c.signable to load j
3

then subject to

E I.. : 1 for each i (each module_ must be assigned)

j 13

7, I. • _ b for each j
i 13 j

(not more than capncity of load)

rain Z.qij Iij
i_] "

A slight e}.-tension would be to the Capacitated Assignment Pro-

blem. 'l]]is world entail adjoining capacity constraints of the

foEm

I. • : 0 ,_jcS
l]

re,her<- S =]<'finc'._; ]_e pairs (i_j) that are not al!o\_,<_hlc. The
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and the natuz'e of the consti:&ints will insure that the va.ri-

ables are naturally discrete 0 or 1 variables at the optimal

solution. _2_ere are very efficient algorithms for solvil_g th-[s

model (see reference 1 for instance). The obvious problem

with this mode] is that the cost associated with assignment of

a module to a load is completely independent of which other

modules are also assigned to the load. This model could not

prevent modules with non-overlapping time intervals or other

packing incompatibilities from being scheduled together. It

would, in fact, be useful only if we had substantially different

vehicles and the carrying costs of the modules by different

vehicles was of principal interest. This model does not re-

flect relations between modules at all only the relation ])(_-

tween module and vehicle_

Abandoning the classical assignment prob!em_ a more

general linear integer programming problem could be_ set up a-

long the lines of the well-known "Set Covering" or "Warehouse

Location" models. This approach would require the generation

of feasible configuratio_So A feasible configuration for a

load ,would be a specification of a pre-selected time interval

and a spec:ific_tion of nu:nber and ty_e of modules which would

make a conipatib!e load. Having generated the feasible configur-

aLzons. A list of feasib]o coL_figul.-ations containing selected

duplJ_cations is a s._cmb]ed_ Given this list of co_figu_:atJons_

the g(:ner_i] ].:[ _.:-_<'_r __l'.,tcgo. r pro%j_.;_,?,T-__.-[ng rr,oC:::i ca]i ]9c' setui_),
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Le t,

[_ if module, i is assigned to configuration jIij = otherwise

I_ f configu=ation j is openo the rwise

if module i can be assigned to configuratiorl j

0 otherwise

k. = capital cost of configuration j
3

qij = cost of assigning module i to configuration j

then subject to

E a.. I.. = 1
13 13

J
for each i (each module must be assigned)

E I.../ o. for each j

i
(must Lye..assigned to open config--

- w_. ....
I?¢'_t,...L t _. )

rain E k. o. + E q; j I..
j 3 ] i, j " ±J

Using Bel-Jder's decomposition which ,would yield capaci-

tated assig]-_nent problems for the "sab-probiems"_ it might be

possible to so]ve thir; model despite the large number of con-

figurations that would be required° The large integer program--

ruing problem that would constitute the "master" program would

sti].l present .< very formidable con!pu",-ational task. The assam -_

ib .......c or...f igu_-a tJ.o'._s wouldbling of the possibJe lists of leas" _-

also be somewhat arbitrary and might drastically effect the

SO]'dtJ_C, tlS Assc ssS.;i:[ t]:,:, cos"_"...... -_, JCor. a eonf.i,-_u:,-at:;_o_ and the

asr, ign,,aent of a p.i,:w].a./,c, t.'.)a col)5-i.q_._.c,::_tSon J_n. L<,rms of ho>, effoc..-
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Mo d".lle

We igh t

The '*0"...... prio___ l-y. c!_:L_........ -_s ;..,._,-,_-_-,_,_d.,_........ fo:c locking m,-,_ui_,s..... .

on _m_,_icle_ when they must _,_ _..'s.l.9:_eo to a mlique vehicle as

illustrated by the fifth "X-l" module. Thi.s designation is also

used to achieve unequal loading ]]y locking fictious modules with

"weights" equal to the desired differentials on the lower weight

capacity vehicles while leaving the time intervals wider than

the planning horizon. See page 16 of the User's Manual for an

illustration and more complete discussion. Conversely, vehicles

can be locked to time intervals by specifying time intervals and

leaving the physical descriptors as zero.

The input is immediately output for verifics._tion. The

namelist card is output by the name].ist an0 th.e parameters are

• • __ jappropriatcly labeled The module _escr._pI:.ors are output under

' " t.... routine ::i'._2;:IN.

The labels are :

- number of module

- alpha-.t._umcric descriptor

--weight of module in thousab_ds of pounds

Diameter - diameter of module in feet

Le ng th

T]7

LE

I,]?

NC

Y

- length of module in feet

-- earl.Jest time for vehicle

- final time for veLic!e

-- firs[: mehicl,-_-: possible for the !,nodu].e

- fJ_lK:,1 _:.,:_]]icl.eI:.,:,'.,:t;:ib"'_ ........ I.... fo_." t]_, mo,_lt;].e

- numL.:_::: .<.£ prio:'.-i.t:y cl:_:='s
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subroutin,:2 "PRINT" and is : !i,,]si2j:ated by ]:,,:ample 2.

gives fikst the fouk pararP,',-_ters:

IX1 :

GAP :

6_

'file no_.ma I output from tfile prouram :i.s genur'atecl :Li-_the

Tglis outliner..

The value IX1=0 indicates the modules are free to move

over all vehicles_ while the value IX1:1 indicates the

modules are restricted to higher order interchanges be-

tween vehicles. This flag indicates the current mode of

search procedure.

The length of the time interval specified for the vehicles

in the current run.

F: The current emphasis between the time intervals and the

weighted combination of physical descriptors. As an illus-

tration if FAC::3 this value will move through the values

. - ] J- -- -' _, "C "'JF=i_F=2/3.,F=I/3;F=-0 which give the paraneu_c w_.jL_ as--

1,_tcrv_.. as ol}Ip ......d to L.],_signed to the time "_-_ .,] _ _..... pl,_ysi{;al

charac te r is t ic s.

G: This " - _sglve_ th_ current value of the interference function

being minimized° It is negative when FAC > 0 and there a

are time incompatibilities in the initial assignments.
L

These parameters are followed bl_ a summ_ary of the present

assignments giving the vehicle number, the earliest time_ t/]e

]atest time_ the total weJ_ghu, the co,..al diameter_ and the total

le_gth followed by the !Jst of _nodules currently assigned to lhe

vehicl_. These quantities are outpui t under the la]oe]in,q (jiven

by format st:atem_nt 3 in the subrout:Lt_o "PRINT':. The idbcls ;__r_::

LOAD the ""_.... _'- _],,;}1;_.<_1: of h]L,e ],.;,2.,. o',r '4"t_'-]:lJ.<'.i.':".

_'"'1..r"J:: .,, L.I:L-: <.,_'" ; .... i: [ 1:_,- ;_2_, '7",:):2<-£ :. C_'_t ].'_' (]J:-:l: .... t,C:)_ ):."_.... (-_;_,

(2".L.:' _1!. 2_,;72:<] ly. []]3:. -[.]'_f,"<;2)<2::?.j())l Oi r ilk;_ k-ii'_h_ i_-k:dt/'-"-<"O-2[S

\/.+-.] ) .; ,.- "l



TI.ti_..X - the latest time t_',e vchical can bo dispatched a.s

determined by the _,t_;rsection of the _mn. _ inte_va].s

of the individual modules currently assigned to the

veh i c le

- the sum off the weights of the individual modules

assigned to the vehicle

DIA/_ETER - the sum of the diameters of the individual modules

assigned to the vehicle

LENGTH - the sum of the lengths of the individual modules

assigned to the vehicle

- a list of the modules current].y assigned to the

veh ic le

In terms of the example the output would appear as

WE IGHT

M nunEs

follows :

LOPJD TMiN T_¢uAX WEIGHT DIA_,Z{ I'ER IA]NGq[d M/z]DULE S

1 0.0 12.0 35.036 i0.0 i0.0 5

2 0.0 12.0 32.06 1.1.0 34.0 1 3

3 13.0 24.0 32.06 ii .0 B4.0 2 4

There are two outp<It st_ten'ents in the program call-

ing "PRINT". These "CALL" statements a_-e in the subroutine

"SETUP". _ley cause a sun,mary output whenever a priority

class has been completely scanned for reducing inteuchanges and

such reducing interchanges have been found decreasing the value

of the interference function. C,omp_ire Example 2 al:<] Exc_mple 3

fo_- an il]u,stratiorl of this. Sc<_ the f]ow <]Ja,grar_s on [)ages

30 and 3] of the Uscr"s [4_;.lual for l_rec/se info<luai:ion c_ to
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Ou_.t.,_>tlt from "PRINgL_"

%1_e information generatcd from this subrout:in.t, is not:

required for normal operation of the prog_-am. It ear,_ or:ly be

unders[.ood afite_.- study of the Usu_"s Manual. It is only em-

L_ployed for detailed monitoring of the :'_ternal behavior of the

program° %_ne output: from this subroutine is illustrated in

Ex_tple 4. The input parameter IPR_I is used 'co turn on this

intermediate print out. The first line off output gives with

labe is :

G:

GH:

current value of- interference functional

amount of gain or" ].oss in current trial sequence of

interchange s

-as._ignments " '];_is isThe second ].ine of output is the label " _,_

• C] 'zmme _]_ate]y fo].lowed, by the , _nt ,nu.p_ nxinted with F,tSFd,_AT

'b(IH[3 _,913):

_r_R (lP) :

I,t_PC(.!P)-

MAPP (IP) :

module r'_-,:mber-,to be ass'a_]._ned

ve]'_ic[L,_ nunJoer to wl_ich t]_ corresponding module ;n

MAPR(IP) can be assigned

list of modules in priority class currently being

S c a_-%_In-d

_is is followed by the labeled v_riables:

_,12: num,..,....of moveable modules in priority clas_.; bcin<_

n

" .. _ _ o t]}Oi><i; : _t .,;-lU_ I)[l="i mov,:m"cnt Of th<: m;_nu], s over

•-" ' i.,-, ' '_[_:ii c,t_:_t_-Jric_r'cd ,_.,,,}<,:_,lc:
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P] = { ]._ ,m} of moc]ul,:_s 'r" °• .. :I.L_O the set V = { I_ .... .v] of vehicles

Such a map would take the form

4 --- 1

where the top line lists the module and the element below orl

the second line gives the number of the vehicle to which the

module is assigned. [See references 2 and 3 for a completely

general scheme for enumerating such finite maps.] The space

supply support problem can be expressed simp].y in terms of such

mappings

Mode.]. V Space Supply Su_p__o_[rt___!_.p_2in______

Let, S be the _= ofs=_ all mappings of the set M : {!_

..._m] into the set V = {I, ...,v]. Thus a particular p e S

can be represented in the form

p = (Sl_S2,...,Sm)

where sj indicates the vehic]e to which module j is assigned.

Also let_

qik : interference of modules i. and k wLere qik==qk i

and qii = 0

s t = {i I p(i) = t]

Now consider the functionals

[Pit : ,.,e_R'

defJ ned as

(p) ::- _, .
;' q Jr

r, S
t

anal{ the com]_u,_,il- .... :_urt<:L:ion%_.]_

<p : _,]<



de fiucd as

_(p) = ]_/2 E __, _it(P)
tcV ieS t

i0.

The problem reduces to:

min e(p)
pcS

(Note all the constraints are absorbed into the generation of

the maps.) This space of possible mapping of modules into

vehicles although finite and enumerable in theory is extremely,

large for it contai.ns v m maps. In practice even with moderate

numbers of modules and vehicles and given the most advanced

computing equipment_ it is not possible to completely expli.cit-

• _._ternci_ive are to im.-].y enumerate all possible [naps. The - _ - -_ s

plicitly completely enumerate and to abandon the complete enu-

meration in favor of a restricted enu_rtera.tion of a limited sub-

set of maps. '_.%e first alternative_ a complete implicit enu-

me_-ation would re].y on implicitly enumerating large subsets of

maps by demonstrating from ].ogically de_.-ived bounds that such

a set could not contain a better map. Such bounds for the space

supply suppoh-t program w]]_l be derived in the next section.

.The enumeration scheme employed in the present computer pro-

gram is furthe:c designed to keep open the option of whether to {

go to the com[>lcte imp].icJt e_,_umeratJ.on o_T ,,,,'h_,therto tecminate

after .... _ _:r, o __c genelv_tLi_oLl o.,_e......c,: ....g a re,_;'tr:ict•_:d subset of m;-,1_;s
[.

the r_-_i;s J n i-i--is co:,_pu[..:_._; ].)]:og_;<•,m d_. f:[:c.,]v:-_ radically ]:rom L]-_c

, ._.()L _. . ,,_ i_"C: _>L ....

S:ic,',_,:._] i ) t "- , i[ t."l' [ },_-' _'_:i..... iC_<[]._;_- _ _,.' ..........
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bounds cmpioyed and consists of generating excursions f.rom _

given map by exchangit_g modules .k,etween vehicles. The prese.'._t

program might well be strengthened by employin.g the g].obal

techniques developed in detail in references 2 and 3 to ob-

tain the initial map from which to undertake the excursions.

These techniques might eliminate a large number of local ex-

changes and greatly speed up the computation.

Mathematical Development.

As elaborated in the previous section in Model V_ the

mathematical objective is to minimize the total interference

function over the space of all possible assignments of modules

to vehicles or

min <0(p)

pcS

Civcn any mapping

p = (Sl,...,s m)

any other mapping p' can be reached from p by a sequence of

single switches. This simply means that the total number of

reassignments can be achieved by choosing a single assignment

i-_ and switching it to i-_e

then choosing a second assignment

j_s and switching it to j-t

and so on until all the required reassignments of modules to

vehicles has been accomplished. Our fi_;st objective is to de--

rive the effect of such a sJ_gl,_' swit<:b on the total inter-



TransJ tJon Formu].a

Suppose the assignment of modulo j is switched from

vehicle s to vehicle t, e.g., from j-_s to j.,.k. Consider

first the effect on the

9iu : E qir
rc-S

where S u = {r I p(r_) : u] .

The effects can be sunm_arized as fo]]_ows:

!

i) Su = Su fOE U _ s,t; S s [Ss-J]; S t [StUJ}

2) cpiu <0iu for u _ s or t (rio effect.)

3) _is, = q'is - qij I
4) _it <Pit + qij

for i_j

5) on'. = _.

,js, = 'js t Since qjj
6 ) _j t _j t

= 0

Now consider the effect on the total i1_terference funct_er_al

= 1/2 >2 E _iu
ucV J.eS

u

The first step is to break this functional after <he transition

down into its reievent components

' = 1_/2 E Z c_
u 6V i6 <"'

! I

: ]./'2 ( Z Z _%[u + Z _'is + >_ rest ]
ucV i- "' icS ' t,S u itS

LIF-LS _ t S -



]3.

S inca S ' = S
U u

invariant:

and _iu ",'zu fo): u _ s,t the first componCnt is

Z Z ' = E Z
ueV itS ' %°iu _ _iuucV its

u_s, t u u/-s,t u

The second component can be reduced to the original terms as

follows:

Z _is Z _j - ZitS' i6S' _is s i6S' qij
S S S

Z qij = E = since and =0i6S' itS qji _js qij=qji qjj
S S

hence_

E _zs'I = _ _is - 2 ejs
icS' itS

S S

The third component can be reduced to the original terms as

f o I ].ows :

' = Z mi t + + Z
!

Z @it iaSt q'jt icS: qijiaS t

E , qij = 2_ qji = _jt since qij=qji and qjj:O
i6S t icS t

hence,

' = E c_'it _ 2 <Pjt
icSt q°it iESt

Roc_;o:.:shituting tl:e components

<_' : q: + (::_-]t- :_j.,:_)

{-.............................................I
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This is the crucial formula cm<loh_ed in the Space Supply _ SRI_-
.

port Progra_. The _iu arc" computed initially and then the

critical differences (<0it - %_is ) are found and updated from

the transition formulas 2) - 6) as a sequence of trial switches

are tried. These differences (%oit- _is ) immediately imp].icitly

enumerate all single switches "when they are non-negative and

guarantee a gain when negative. However_ note if we were to

swtich_

from j,s to j_t

and from k_t to k_s

a double exchange between vehicles_

_" = _ + (_jt- _js ) + (_[ks - _nt. ) - 2 qjk

and even when the first order switches cannot reduce the inter--

ference functional a gain can be achieved with double and higher

order switches. It _jlould be stressed that whenever a switch

or a sequence of trial switches achieves a reduction in the

total interference functional _(p), the current map p is up-

dated to p' The process then starts over considering first

order then second order and on up switches to a pre-set level.

Another significant aspect of the particular form of

the interference functional employed

= .d. + P3 _"qij P].WiWj j P2 dz ] _i- ']

_s revealed whcn ::e drop back to thc_, variable fo_:mL_lation of

o[t=) ._J, 17 ....the prr_blcm CT_.'?c:nJn M@(%:] 1\z and c .-., _, _.]_. sn,ootn,_<t co_i_n-

OU,,, \zO.Li '::._ __'.i ._,.";: i ]-_:S ._i)_'c'l......... ,l ,-- &_-_ ,,. ,,.; h _-, "VR&E ', , _; J C i A-J
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i'

uous version of the probl.em we \vJsb to minimize

: _] qi (],_Iip I . )
i>j J p 3P

15.

in this contin-

subject to the side constraints

Z I. = 1
Ip

P

Solving for the variables

li] (i - E lipJ
p>l

and substituting into the extremal function, we wish to minimize

_0 = i>j>'_ qij [i -p>IE Iip)-(i -pblE lip) + p>l>i Iip Ijp]

_le minimum is obtaining by equating the partial derivatives

to zero.

_e _ _ qtk (-i + _] ) +
8I----ts k_t p>l Ikp Iks

5_ gtk (-]_kl + Iks) = 0
k;_t

for t=l, . ..,n and s=2_ . . ._v.

Henee_ at the stationary point

T; qtk Ik i = Z qtk
k/-t k_t

" Iks "

in the case where qtk = wt Wk and gtt = 0

>j w t wk Ikl = >] WtWk . Iks
k/-t

al_d fa:_oz_n@-(' ". ., out t];e w. yields tlTe cqaal ]oadJr)g phenomena o_!
C

<,_q_ "' i,.le

w. 7- = :.iw ]' , _]<-i J; ],__:
k J'_
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TbJs continuous result does not answer directly _,hat

happens in ou_r discrete case. Remarkly ho<,.,e\'er_ this effect

does persist in the discrete case and extensive computational

experience verifies that ap_rt from the time interval anomalies

we achieve very closely this equal loading phenomena. It

would seem possible to demonstrate this result directly in the

discrete ease and in fact to bound the devi._tions ill terms of

first order switches, second order switches and so on up.

This would be a highly desirab]_e result in terms of determining

the level of switches to be e-{p]ored in the program, however

no precise statements in this direction can be made at this

time. Note that the vehicle loading can easily be unbalanced

as desi_ed by "lockJn<_" fictitious modules on specific vchic].es.

Specifically, a module with weight emua! to the difference be--

tween the capacity of the vebicle and the ma:<imum capacity of

any vehical in the progr_mL J s ad@_ed to each vehicle and pre-

vented from moving by the p_rticning mechanism to be described

next. Of course_ the t:ime inte)_-vals for the fictitious modules

must encompass the p].anni,_.g horizon so as not to create any

time inter_al interference. This unbalancing perha.]_s can best

be understood Jil terms c)f the following simple illustration.

j[ l_:!=u _t_F!_tjr.j=.qq o:j_..UiJ.{al a___j<ii..qg_ I

\

l%e_ 1 C_:q.,aci ty

V],:!:iti<,'.ns Modul,_

B,<:t]at)ced _.;<;ighi

T.::_ c. t,c {.(if':%

20 9,0 40

•_"(_.-S 40-,< 4 _,_-__'
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'The quantity S = c LL"] would ])c, very close:, except for disr_ete --

hess factors, to the difference bet\Teen tot a] capacity c and

total weight to be assigned w deviCed equally between the v

vehic]es.

In order to extend the capacity of the program to very

large numbers of modules and vehicles without incuring the con-

. "' J_ ' .i.sequent exponential increase in computac_1_ol.al bu:cden_ two dis-

tinct optional partitioning mechanisms are incorporated. The

first procedure partitions the modules into priority classes.

Let n be the total number of modules to be assigned and nl_n2_

...in be the number in each of c priority classes, Zn consi-
C

derJng single switches there would be n,v st_ch possible sii_gle

switches _.,There v is the number of vehicles° In considezing

each K,riority class sinqlv and sequentially we wou](J (-onsJder

n I , n 2 n I o = n.-v .L -v + --- + n c-v = n-v since of course + -- + n c

Hencej there is no appreciable gain except :[or storage in the

computer and some reduction in updating costs on the differences

(_js - e_jt)" Also there is no loss in program effectiveness

because each moc]ule is ultimately allowed to mome ° Howeverj

when we consider pairwise and higher switches the situation is

n 21)+quite different. Roughly we would be comparing (2) to ( --.

(2c).. As an exa,mp!e with n : 8j we would be cempa;-ing

(8) : 8- 7 4 4
-F-= 28 to 2) + (2) = 6-. G =- l:,.z

i
I

(Roughl'F be:cause <],....e Ls a <_']zciht cor_:,_ctJ'_n because \,¢e wc:,ut].d

no)t- cons J rl{.-r s\,,,J tche<; o_ .fh:_' s,n;:_,:_ vc::hj c]._':. ) With ] argo nu_g>r:r.<;

OC ]!]<j.ljt_ I< <1 [-l,<, ",.,<], "k ;i.:=_ - ' - _ ;"'" '<, _ ' _'C:CI, I!L'<,S ;}']';t_Y:' J f_; CJ]: C'_-,'.]L'y;<
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some reduction in effectJ'_eness. Howev_.-_ if modules o_

approxJ.mately the same weight are grouped togetherj the loss

of effectiveness shou].d _c,t be very significant. In general

about 30 modules to a priority class would seem most appropri-

ate. Of course, modules with large time interval overlaps are

also good candidates for grouping in the same category.

The second optimal partit-_oning scheme permits t]_<_ res-

triction of trial interchanges to interchanges between pairs

of vehicles. There are v-(v-ll, such possible distinct pairs
2

of vehicles. Each pair is considered ].n turn sequentially and

the pair is balanced. The transitivity effect allows a module

to migrate sequentially to any permissible vehicl,_ No vehJc]_

can remain gross]], unbalanced for it would ultimately be forced

to exchange with another vehicle to achieve the minimization

of the interference functional°

This second partJtio,]ing scheme and interchanges be-

tween pairwise vehic].es is accomplJsh<:d within priority classes.

When all the modules are lumped into the s_m_e priority class

and the paJrwise vehicle restgiction is not imposed and the

level of permissible interchanges raised sufficiently high a

complete enume):ation is attained. In practice_ this is gener-

ally not possible with problems of real interest. However,

empirically evidence sho<,,,s that there is very little degr_da.-

tion of the final so!utica< ",vlfth the use of the partitioning

sc]_emc'.s and rest --_ -" " the ].e ]. _#: e>:chancgo_" to pa.ir-1. _.<. ,. :.n.g t}_-J al v<_' ...... _, ,.

Wiise ];(, i; :a,bn ]-p.odo_]Fe_. :\ _!;("Ye (-'!0]1111r.]%!] C'7[ [i_,,)]."_"t. JOl] Of []]<;
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th,-: gartitionJng sc]-_,:mes is <:on[:a_it_ed :'_ _]__ next section in

conjunctioll witih the<, de, tailed an_]ysis of the computer program

itself.
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The computer progra_n consists of eleven subroutines.

Each of these subroutines will be described separately in terms

of their relation to each other and in relation to the underly-

ing mathematics. A general glossary is supplied defining all

the vectors and variab].es in the commo_z statement. Vari_:b]es

specific to each s'abroutine will be defined in the discussion

of the relevant subroutine. U]le interactions between the eleven

sub;-outines are consisely summarized in the following:

GE}[ERAI, FLO_,? DIAGRAM

r,l,.r__ b i_ .\
ALt;ULATE ) .....

:J_ ./

I IIIG _ .... N GEI, ER.AT£. /t CYCL," _ \sSL: _RoB;LE,_o/

[

....... " ,' " C v! i; ........ "...... ------:_-_' IEr4 f, o lq

I

........ Y ;_,< i l -

I t t
A} "tr ,< ):_ '_ " 'i _ \ It;: ,\ s '

\ .$ .

I,IOR M ttL l-l_,

OU ] t_tJ ]" ,J

T

i/_ Ill %. t. I. ;.- [. _._ lll_
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'ii" I._urposo of thJ_s rotJi.:[ne i<:; to it-_:il,<:_.i,.

..t<,_".: and to readin the data )rccTuired for <'a")-,. : ;

.- :f: _ of the [<)roqram parameters is given in the ",._ : ,

.-: ,,._.Jons for M}ISSSO Computer Code" and the gc'n(,_.:-] <-

ROUTII'TE MAIN FI,OW ])IAGRiL_

YES

__SET DEFAULT

VALUES

ovE.RE^ol [ 1
WITH NAM, Et_tST_.

i P^r_'_L___.j

_.!ODULE DATA ..........4_,,._40DUI.i: [)ATA

i " l _"-J

-- ._<F RINT

J

r _ -_,
•_;l 0 _:' |

L...................J

+++iF_"'+'A'=t-'+'r i. /P^f_,_:/
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t_

The namelJst statement is:

NAME LI S T/PARM/NP L, NS T, LV 1 _LV2 ,GAP, _AC, P ]._]?2 .P 3 _I P RT, I C N ,N

The format statements employed are:

ii F_RMAT(A4,SF6.0,412)

12 F_RMAT(:NO. M_DULE _IGIIT DI_4ETER LENGTH TE TF II,E LF NC IY')

13 F_RM.AT(IH I3,2X,A4,3FI0.2,2F8.1j414)

_e ii F_RM_h_I ' is used to readin the module data.

The 12 F_RMAT is used to label the module data output.

The 13 F_R_gAT is used to print the module data.

Z_ne variab]es not in common are:

ICN- _e va.,.ue !CN--0 causes the program to stop after comp!etJ, n 9

a run. The value ]ICN=] causes the prog__-am to start over

t.._ith a new set of data.

IP - An Jn@ex variable to readJn the success:ire modules.

X - A dunzay variable to readin and print ont the alphanumeric

descriptor of a module.

N - The va.]ue N:0 allows the program to run stacked cases

using payload module data carrie<] over from the previous

case. U_ne value N=I allows payload data defihitions to

be input.
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i

' ub_:ou: _ no FCNGEN "
/ ............. /

The purpose of this subroutine is to laake an initial

computation of _(p) = 1/2 Z Z c0it(p) where

t6V J_cS t

_it (p) = Z qir

r6S t

and S t = [r [ p(r) = t]

and qir = interference of module i and r where

= 0
qir = qri' qii

After the initial computation _(P) is simp].y updated as switches

are made.

SUBROU'I'IN_F] j CN(__I,,NFLOW ])IAG)L%,M

if ]

II i.,<_= <.<,, _ l":,.............. ...,.._.4_hiPI_./. :,_ _ _ 0 /% . ....... ¢
.................. ' '% t

'.<., t <.-Ll-f" ;.

'.'. : :.:. !!:,: . ::)..,.<_: ,.,
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Subroutine PP.I?:JT

The purpose of this subroutine is to print a sun_nary of

the present assignments giving the vehicle number, the earliest

time, the latest time, the total weight, the total diameter, and

the total length followed by the list of modules currently assign-

ed to the vehicle. The meaning of the parameters also printed out:

_o_ MMSSSO Computer Code"is given in the "Operating Instructions ....

and the general Glossary.

I

The format statements employed are:

1 F_RMAT 5HIIxI:I2j5H GAP:F2.0,3H F---F6.4/3H G=E16.8)

3 F_R2,_7\T 'LOAD TMIN 5"MAX WEIGHT DI_d,II,]TER I_NGS_I M_DUI.ES')

4 F_P?,IAT .]II I3,F7.6.F6.],3F8.3..2H ].5115/(IH 26X,2015))

The ] F_R_A'I" Js 1_d to pl-jmt tn.. p;_.rameters.

The 3 F@PJJAT is used to print the labels.

The 4 F_RMAT is used to print the vehicle surmnary.

The variables not in con_non are:

IQ - Indexes the vehicles.

MC - Counts the modules on a particular vehicle.

IP -. Indexes the modules.

IR - Indexes the modules on a particular vehicle for printout.

i

The array not in con_mon is: i

M_E (IR) - this array is used to collect the individual modules

on a w_,h' _- i nt:iog out '_.l_,.c fo_: p:!."
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........SUB'[:[_)A].i.r .... _._, _;: pj-,] H-.[_ ,_T,,)_ !-) TAG RiV"I_................... 2._I_ < L_...........

I PAR,q Mi:- IL E _:; I

i_L'L°_.h:'__!:':L.I
t

;gr--

I

to).-.o I
_o) :o I
_e):o I
N(l_)=-o_ I

X(IQ)--+,_ l

._ '

..... I t ,_ I,_------'--'J fno

..V_5 • I _,Es
_';i- 1 I yes
!MOE_,_C) _ IP t

I , J I

.' A ,' fI_To) :-_7(tQ),v,',J_')i
t I:)T(IQ)--- DT(I_)'_ D(IP)I
[_.r(,Q):E_(_r_),e(c,)J

hlO / TE(P) > N

._.__3L_2__,
|Tt,_lN (IQ) -- |
L,.t3 (/F:L_j

F.:.i-,;V(7;i:---1
I.... 3_UJ2;Z......J

i
I

,_!.

.t

, _. _. -,, t _ , ;_., ,,

...... ..... i / Xp
_ ,,;-., , _,. . .... ,._ .. _,, ,, _ _ ._,,,;:y.,;_. ,', ",
.............. " I:,_::i.:_), t:,t'." _, _.... .\ ]

i:'"' ,:I ) I \ /
" v

i



The purpose of this sui_rout:inc- 5s to evaluate

%i2.1, LV (a) = Z qLM, L2
1,2c S I,V

where SLV = [L2 [ p(L2) = I,V],

and qLM, L2 = interference of modules I_,i and L2.

SUBROUTIhTE PARGEN FLOW DIAGR]{M

Ll=LM

P=O
L2=I

I I @No ,.....P:P_'Q "_/L

1
l

!
L ....... 1

L2 : L2_ I I

__1

The variables not in common are:

LI -Used to transfer I24 to subroutine 0.GEN.

I_4 - Module number transferred down to PA].'.:]EN.

P - Returns the v_:,.]u<:-of ,.,_,M_],Vo

L2 .- In_Ic.,._es the, modules on veh_cl,!_ I,V.

I,V -- VcJ_:i c] ,._'. no.mi,e_: tr;,; s;-_ .;r <_ c!(.__.,',] to, i-'.;"..]_C7, r'].

Q - O,_,c _ tO ''_"_L-T_ u, < V__%]',< 0£ :J],l. ,,..i'
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SubrouLine QGEN(Li.:!:£.Qj_
A

The purpose of this sul:moutine is to supply qLI,L2

interference of modules L] and L2.

modules are:

T1 = ['I%(L].) _TF(L2) ] 'and T2 + [rEE(L2) 3TF(L2)] .

the

_-le time intervals for the

The interval of intersection is calculated as:

A = raax [_%(LI),'I_(]%2) ] ; B : min (TF(LI) ,TF(L2) ] ; C : B - A

The parameter GAP defines the specified overlap required and F

defines the parametric weight assigned to the time interval as

opposed to the physical loading characteristics. The parameters

pl,p 2 and P3 assign relative weights to the physical loading

characteristics of weight_ diam_eter and ].ength. So_

Q =: (I--F)-[Pl-W(l].)"w(L2) + P2-D(LI)-D(L2)
f-

) "P3_(_I)"_(_'2)] - l'_'c_°r{_I,1>/_'_L_

= + _ (takei_ as i000) for fC < GAPQ
" K L! _ L2

Q = 0 for I,l = L2
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SUBROUTI }t_E D'=q]'___ F LOV' .I__TAq!%____][

A: TE(LI) J

./_ _:(L<.)>y

I

NO .. _"

[ B_=TF(L2) ]

I

'Q:(I-F)'(W(LI)'W(LZ)'PI ; D(LI)'D(I.2)'P2 i

J i E(LI}'E(L2)'PD)- F-C; J

" ._..._o_

_Es
{ o=;;_l

%<;
F Q.-o....i

TLI R i" _ .....

k;J....
<i']_O \z_ir]_.b].()s T_'_t ] rt C:91_lr_GOT) G.KO :

1,2 -' .P"IOLZLI-I( _- t'_:<:c_: >" i-7.'L;,i.<.:; <.... 77CC{ _.;:;.,."_ q) (1)f 7]"7

., .... , ........... :)]

,__ -- rr..i,, [';.i'(:,J) ,"J;"(_,_.)]
(" i]Iit,:' [1)[l'_s _,, i 'l)-.,% _

I_ -- i'_F'. '_] i ," i ," [ LI' il f ]ic :> '.,:'.Tki ,.i(" !.> f{- ' , ";
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The principa_ purpose of this suSrc,<_t ;Lie is to control
<.

]

the cycling through the partitioned subproblems. The extrac-

tion of the modules in a particular priority class is accomplish-

ed in subroutine GENMP which sets MAPP(IP) a list of the modules

in the current priority class. The possible as_'._ignments are

then recorded in a pair of vectors MAPR(J.) and MAPC(i) and the

potential switches are kept track of in the vectors J(i) and

V(i). All these vectors are setup in subroutine LPGEN. The

actual trial switches up through the levels LVl for total vehi-

cle movement and LV2 for pairwise vehicle movement is accomplis]l _

ed in subroutine CUTBAK. Each priorJ, ty class is considered se-

quentially in turn until a complete cycle through all priority

c]asses is accomplished without gain. In the paii_vise veh/c_m

movement all pairs off vehicles are cyc]ed throug]-_ until no gain

is accomplished before movi.ng on through the cvcle of priority

classes. The parametric adjustment from complete emphasis on

time overlap to complete emphasis on physical load:ing character-

istics in the number of steps specified by FAC is controlled iP_

this subroutine.

SIIBROUTINF. SETUP FLOW I)IAGItAFI

f'JP-" I
I',IPS = i

F'--O

\• ,,-# /f

i

[ ¢[. f

/ 'N

k
/

[
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(Total Ve]_ic!/o Movemel]t)

YES'

.L

IX2 = 0

q'°"'7

<,,,. I)12 : ,'.) .._

i_o

[ NPS:NP l

,[.

F

/
Nf;:NPI I _......

,,o_.

,tiO

F= F-I/FAC]

_':0 / "_ _.
............ .L.'..... _,, F -, 7L >'

r

.+ -d-_._. L '...

%

YES

YES

.................................................................... i t ,] i,[o;-_i,;.!
\



(Pairwise Vch:[c]. ;_

_@_v,<,,,,E_$7[;,_

IKLti) : i I
i KL(2) : 2 [_---
liX?- : 0 ___.]1

T

,NO

YES

j _,'o

,; / l

,t_° i
!

;, I. ,,z: i :_t:L <7')" l i 7

: "!' Tt

i .- .4
................ ti" I '"_-i:_ _i'i_ i• .i t 7 ..,.

! .................... P

Movcmen t)

NO

YES

pqP: NP. I j

YES

NO

hS
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Subrou fine GE],_iP

The purpose of this subroutine is to compile the list

of modules in priority class HP and record them in the vector

HAPP(i). The number of modules in the priority class NP is re-

corded in the variable NPC.

SUBROUTINE GEN__P FLOW DIAGI%_i_

NPC=O l

IP= ! J

__jp. YE S

i

o

The vat able not in common is:

- II...,_.,_.,_ _,l_; modJu]e;:;,
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_;tj]2_:oILtine LPGEN ,_

The put-pose of this subroutine is to setup the current

subproblem for the investigation of potential interference re-

ducing switches in assignments. The essential informmtion of the

investigation of these switches in :_ssignment is contained in the

four vectors NLAPR(i)_ MAPC(i), J(i) and V(i). The two vectors

_.LAPR(i) and M_A]?C(i) together :,_-ecord a li1_ear list of all possible

assignments within the current subproblem. The vector _£APR(i)

records each module number in the current priority class that can

be moved in the current subproblem repeated oi_ce for each vehicle

to which it can be assigned. _he vector MPAC(i) simply records

T J Cthe corresponding vehicle number. The %ecu ;r J(k) is an. ind<-.,_[

list of all possible assignments. It is used to keep track of

the el)trent trial assignments. Suppose there are M2 move..-J_]e mo-

dules in the current subproblem and kA' possible assignments in tile

cur__-ent subprob]em, The ir._dex vector J(k) is always permutated

so that the first M2 numbers index the current trial assignments.

(ffhe actual assic_nments_ are obtained from MAPR(J(k)) an<,."M_APC (J(k)

6 J " _ 'for any J(k) °) The putenulal s_,itches are a].ways indexed in the

remainin< 3 (k_] - M2) numbers in J(k). More precise19% each move-

able module appears o'_.ce and only once in the list MAPR(J(k)) j

k:]_..._m2_ Consider any modu)_e :MAPR(J(]c))=:L],I; _.,i_:h k]._..,_.-m_,whic]l

_s currently asslgn.ed to the vehicle LA_,_(J(kl)]=LVi. _],en any

.-h_ -) j .- - , - _ ,k_ ,.h_ s1_.eh that MA<:'F'.(,](k2))=LM c_v_{:.............an alce_-,,_e_.._ feas__b.Le ass__gl _-

monl oi- I,_ L o tL_c relic",,, b1_7-P<!(,_-(][2_'-........ . , )...,.v<. A s_.::,.tch ;ill _ss:_{j]n--

.............. :" {-_*,' 7 *'"] :;lJ<!_ :-< ].;*-_-
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The _ "" _ 'cn_ng_, _n the value of the ""_-_--_-_-.l_:,_._ ....ence functional for any

such switch in assignment is --_'-"

V(k2)=_4,LV2- _LMcLVI ' k2>m2

For facility in updating the V (k) vector after such switches,

V(kl)=-_,LVI , kl_m2 .

The transformation of the V(k) vector Is accomp_l_,L_ in

subroutine TRANS and will be discussed in connection with t/]at

subroutine. The actual search for gains in the irLterference func-

tional is done in subroutine CUTBAK and will be discussed in that

subroutine.

This ,subroutine LPGEN consists of three principal logi-

cal_ parts, The fi__-st part 9ener_t,es the subproblcm _Ynen _-

dules are free to move to any fe_.sib!e _0e)hicle_ g_ne second _-,art

generates the problem _.._hen the modules are restricted to move

in exchauges between p}lirs of vehicles. The third part sets up

the initi,-_l solution in accordance with idle current assign_ncnts.



J

=,, __ r i " ,IFQ,SUx_.a_, TIh__ LPC, I:JL_FLOW DIA(_PT',;'I

35.

PAIRWISE VEHICLE

MOVEMEHT

[M2:0 J
NV : 0

(_ NO _ YES

_1

SETUP INITIAL

SOLUTION
I

TOTAL _,mJ41,'J

MOVEMENT
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SUBROUTII(_ LPGEN ].:'L()W ]][]IAGRAM (CONTINUED)

(Total Vehicle Movement)

I '_'_'I

M2=M2 * I iIQ=LE(IP}

I . _ •
.rrrT_%gTi_

1 I;;:2;;.(;:<;oI

d'
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•,_._.,_N'J.I[kll_.'-_)

(Pairwise Vehicle Movement)

_-.lJ

t

.___ YE S--

/, "x.

-- %?,,,(,>̂ !_o2

L,°:, ..!

--IZNv_;Nv_,]

MI-M-A'[_R (N V) : IP .

[_APc('_v'_:KL_,_II

3

It O.= I_ _ I ....=----< _0 ::.".>

---J _ /

,o
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(C t,,., .._INL_.,.) )

(Setup I_itia] Solution)

i
---jLV:_,_ApcC,mi

t,1) _-

l,P:Ls :{

ipk=L!LT =; LT* 1 L..----.

o,_
--- _v(,Pl:Pj

I

_t,,_ YES

i! ,o:!_,_, t

• dv,,.,:-v.__,

NO IIVIAPR(J(! Q)) ),_e

I "F_

"P .....

i'_:'_':' _.......-"-:i'7

, F,o:; I
---[------

% P

IC-lQt I
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71"...,,-_-_riable:: not in common are:

: 1- - Indexes modules in pJ.-iol-ity class

7::_ - ;nodule numbers MAPP(IT)

[_? - I nde_es assignments

i:_! - LE (IP)

[::.2 - L___(IP)

_, , ..... (_Q)

:.V - :.tAPC (IQ)

_, - Used to return the value of 9LM LV

i_'_ - M2+I

_¢ - _(IQ)

,_:_ - S(IP)
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/

Subroutine CUTBAK
J

'l_ne purpose of this suLroutine is to carry out the search

for switches in assignments that will reduce the interference func-

tional. The variable LEVEL records the current level of the search.

The varJ.able LEVEL starts with the value LEVEL=!. After all single

switches of assignment ha_ been implicitly ennmerated, the value

of LEVEL is incremented to LEVEL=2. When all double switches of

assignment have been checked it is incremented again until the

maximuan LEVEL=LCT has been checked. The variable ID indexes the

current number of switches made on the way up to LE\PEL.

The variables TL(ID), LR(ID), LC(ID) record die history

of the switches already made. All switches are tried ill order of

their change value V (IC)° The variable TL(ID) records the value

of the _:.,Jtc-h V(1Z', made at ste[J TT_ _,ip_r_S:_ _f/Tq) ¢,-_v- TqX_._"_ 4_

the next best value to be tried. Y]_e index LS of the trial assign-

ment being switched in J s recorded in LC(ID)=LS. %_nere is then a

unique current assignment occurring for some LTIM2 such that

MAPR(J(LS)):St_J?R(J(LT)). This merely reflects the fact that each

module must be currently assigned. _]e index LT of the assigrunent

t-_ l'Cbeing switched out is r_co. Jed in LR(ID)=LT. The vector J(IC) is

permutated J' (LS):J(LT) and ,I' (LT)=J(LS) to record the switch in

_RAb_:, The vector of chanqe valuesassignments in subroutine " - _c,.

V(IC) is also updated to ref]_ect the change of assignment in sub-

routine TItaNS a,:_d the a-_:t.ua] fo_:mulas for the transition will be

g iv,.::n :i_,_ the discussJou of _u]>rc>u[.ir_ ,, ,_ re-._ _ _I,_d'_._ 5_ie Li'::tory of the

' l- -qo (t _ t 0I ""_ [\(2.]]_ _ Pli eG _- ]DO ]/_kCO ,..... ] _Yz (;?_'< :Y" ] ]'if:1]_"6_ ,._.]]. !i_;_]_'._bC! CC)GI}>/[_,_,-:-

] _>_,": c_:,_ ,-,.....- : ,-. _ :<j. [!._<._, ,_.I dui>J. -] << : h.] ;:::,;::;. [['i-:o de' t j -_ .._] ;_: {:]:-.._1.; c::_ c;. fl

,_ . . _ ::,:<::_:t{..:.r_n ._;<.]1._:_,_'{_'a.._c, c,:'3,'..._:,<:d J_'_ l.]-_<_ [_o)..]._:,..,,_i,_..] )'] <,',..; ]-)i,-_<"'"_i.
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SU.,.ROU_IZCE CUTz_AK _ LOW _'__,'-_...._i,J

(Initialize Parameters)

41.

i LEVEL = I

ID=I
NF-" M 2 * I
GH=O
IR=I

_(IR)= 0

( I R) =- _',,<' _'_'

_, "NO

COI_PUTE INDEX OF NEW

ASSIGNMENT LS

1

,1
[ii,..__
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SUI?,ROUTT.]',?: CUTBAK FLOW DIAGRAM (......]NrINUmD)

(Compute Index of New Assignment)

NO

IC:IC) I

YES

YES

NO

. riD: ID- I
'_"j L'r= LF<(ID)

LS= LC(ID)

t
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SU]%]{OU'.U r......(=d3__B___.]=i'.]__:.,=P-____}_tt>:_'e_(CONTIi<]CE])) _.

(Compute Pr'(__sent Assignment Index:

Execute 'l'ransfozm;_tio"l- Update Solution)

EX E CU TE T <,A NS F 0 R MATI 0 N



The variables not in common are.

IR - Indexes assignments J(IR). (Also see below)

NF - First potential assiglm_ent not being used NF=M2+I

.594 - Best change value (q_jt-_js) not yet tried

IC - Indexes gains V(IC)

JLS - J (LS)

JIR - J(IR)

IN2 - ID-I

IT - Indexes current assignments switched out LR(IT)

IQ - Indexes assignments J(IQ)

JIQ - J(IQ)

IR* - Also used for module numbers IR:MAPR(JIQ)

The arrays not in common are:

LR (ID) -

LC (ID)

Records index of a current assignment switched out to

check for higher order gain.

Records index of a new trial assignment switched in to

check for higher order gain.
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subroutine pR-rNff_E ",

The purpose of this sub_;ouLJne is to print "state of the

solution" ii_formation, It is only used in diagnostic runs to

locate problems witbJn the compute.,: code. The parameter value

]PRT:I causes this subroutine to bo called in LPGEN after the

initialization of the problem, and in CUTBAK after each trans-

formation of assignments. The first line of output gives G the

current value of the interference fur..c_zonal and GH the incre-

mental value of the current sequence of trial switches. The se-

cond line of output is the label "ASSYGk_'IENTS'. This line is

followed by the basic controling vectors:

MAPR (IP) ; IP:I, . . .,NV

MAPC(iP) ; IP==I,...,k_T

The next line gives in labeled form the parameters-

M2 -- the current number of moveable modules

IX1 - indicates at the value I)[l:l that currently the movement

is restricted to pairwise vehicles

IX2 - indicates at value IX2:0 that no gain ]]as yet been made

in the cu]:rent priority class; indicates at value IX2---!

that a gain has been achieved in the current priority

class

ID - indicates curvep.= level of trial switc]les being investi.-

gated

],']' - index of assic:_nmc_,_L ],ei_q ._]tc]_cd o_:!:-

J"' - i;J ] .... 0 _.",:_.<3 J_':- "_i]_" ,,'> J_ j_,y!l_ ,,,i,_ - i ._, "[ C_!I:'<] }-t

" ' : _ - ];_<]Jc'o.tc_;; ,;"L_;i;<_tl[_ 7_'.;';_'I!. ,-:'i: • .... ' ,_, ....... 0:".7_ ,0)' ',",w', tc]J",_: ];oJ',_L[
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J

• j. # o ..The next line -,< Lh, l.:ibel "J, V Vectors" 'i'his is immediate±y

fol]o_,:ed by the vectors:

J(IC) ; it=l, . . .:NV

V(IC) ; ic=I,...,NV

This is followed by the labe]ed vector,

TL(IT) ; IT=l,...,ID

which gives the change values V(.TC) used at the IT th tria] switch

of assigm]lent.



i

---, ,,. T,, ]' }<!5'ES'U_: <OLlll'Iqf, RI FI,OW b.LAGP3d4

|WRITE ]I GtGI |

WRITE LABEL I"ASSIGNf_E N TS "

WRITE
I_,AP R (IP),
MAPC(IP),
MAPP(IP),

IP= I,"',NV

LT, LS, LEVEL 1

WRITE LABEL ]"J,V VECTORS"

'y'; IRI T F i

J(Lc.],%0¢)
IC= i,'"",NV

IT=:,' ' " IDI

RETURN

4"7.

P]]O. vc:£ialj]_e::_ 120L iQ COITtl.q<Tlt O_.w.(-.' :

]P - indez for pri;tting rnz.ps

i(' .- IDde>: fr,_.- ]2_r'_.n.ti.._-.,g J(]C) and V(IC)

:_ .d,,): :r_. 1).rin, L:;ng [<%(:tt[')
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The format statements used it] subroutine PRINTE are:

20 F_P_thT (IH, 76,9I 12 )

21 F_RMAT(IH, 10FI2.6)

34 F_I@4AT(3HOG=E16.8,4H GH=E16.8)

36 F_RMAT(!2H ASSIGm4ENTS)

42 F_RYu_T(IH 3913)

4 F_Pd_AT(4H M2=I3,5H IXI:I3,5H IX2:I3,4H ID:IB,4H LT:I3,4H

LS=I3,7H LEVEL=I3)

12 F_RMAT(' J,V VECTORS')
l

19 F_P/_AT( 'TL=', IOF12.6)

1_le variables G and GH are printed with 34 F_I{4AT.

The maps M_APR(IP), MAPC(IP) and MJ{FP(IP) are p_=inted with 42 F_;R_{AT.

_' LS ]LEV]_L are printed withThe parameters M2, IX1, I.X2, iD_ ,_,..

4 F_ PI4]-'.T.

The vector J(IC) is printed with 20 F_RF_T.

_]e vector.- V(IC) is printed with 2]_ F_RMAT.

The vector TL(IT) is printed with 19 F_PJ_IAT.
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Sc..broutJ ne TILA]_S

'I%le pur-pose of this subJ:o<_tine is to car-ry out the trans-

formation of the vectors O(!C) and V(IC) when a switch in assign-

ment is made. The vectors are constructed so that for any IC

in the range I_IC_NV, the module is

L=MAPR (O (IC))

and the vehicle is

C=M/kPC (J (IC))

The transition value vector V(IC)

that =Lor_

anz__

L = MAPR(J(IC)) , CI=MAPC(J(IC))

then

v (ic)=- mL_Cl

an1_IC>Ml

such that

MAPR(J(IC))=L , MAPC(J(L)):C2

then

V(SC):_L,C2 - %,Cl

Now consider any -' "" "_

L!=_IAPR (J (LT))

L'I<=MAPC (J (LT))

'.:';d an Lsy,i2

.%]ICj_ (":] _zL

is constructed in such a manner
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I,e t, ,,

_[APC (J (LS)) ::LSC

then

V(LS)=_LI,LSC - ¢_I,L_\q

Now suppose the assignment L1 . L%_ is switched to L1 . LSC.

Recall the transition formulas

t#'L,C = q_L,C
C_LTC or LSC

£1,LSC =   I,LSC
since qLl, L2=0

_ ,_,2_Ili_ q°L2_LTC - qLl_ L2

_J2.LSC : _L2,LSC + qLI,L2

] ifor L_wL2

The effect on the transition value vector is now easily calcu-

lated As follows.

Basic Transformation

This transformation gives the effect for any IC such

that MAPR(J (IC)) :LI.

V' (LT) =- qil, I.,SC=- <°LI, LSC =V (LT) -V (L5)

V: (LS)=_' -t0' - T ,L!_ LTC L1, LSC-C_I -.LTC- _I,i, ,._SC

=.-V (LS)

and for any other IC such that MAPR(J(IC)):LI and MAIC(J(IC)):C

wit-h '-'_ '_ 'C_d_1_, or LSC:

_7, (zc) :_,' -_,, :..-_.... v _c)-v (L's,
l,ijc <Qi,1, " _'' _i,] C-fi_L] LS,2 '



This transformatJot) gives

that MAPR(J(IC))=L2 and ]_,27_]_i.

Cmnsider the following exhaustive cases.

Case I IC_M2 (Current assignments)

a) MAP C (J (I C )J_=LhpC

V' (IC)=:- '
t._2, L2_2 =-

=V (IC) +qLl, L2

b) MAPC (J (IC))=LSC

I

V' (IC) :- ¢._2, LSC =-

=V (IC)-qLl, L2

Case 2

a)

b)

the effect for any !C such

(q_L2, LTC-qLi, L2 )

(_L2, LsC+qLI. L2 )

IC>M2 (Not current assJg1_lents)

ASsume ctlrrent assignment is L2 _ C

Izu_PC(J(IC))=LTC and C_LTC or LSC

q_2 ,LTC- 'V' (IC)= '_2,C

= ( q)L2, LTC-qL1, L2 ) - mL2, C

=V (IC) -qLl, L2

MAPC(J(IC))=LSC and C__LTC or I.,SC

;V' (IC)--_ 2,LSC-<%_2,C

= (_L2, LSC+¢_i.I :L2 )"-q_l,2,C

=V (IC) +qL] , ? _

.5]..



--] , _.... ,-- •_q_

V' (IC) ..... 'I
-q°L2, LSC- _L2, LTC

= (_L2, Lsc+qLI_ L2 ) - (_L2, LTC-qLI, L2

=V (IC) +2qL I, L2

d) MAPC(J(IC)..)=LTC and C:LSC

V' (IC)- '
-_L2, L'_- _L2, LSC

=_L2, LTC-qLI, L2 ) - (q)L2, Lsc+qLI, L2 )

=V (IC) -2qL I, L2

All other V'._.IC) remain invariant.'

The J(IC) vector is transformed as follows

J' (LT)=J(LS) and J' (LS)=J(L% ")

all other J' (IC)=J(IC).

52.
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t

i

] x c_2,,.. FLOW D. A<_'_A,4

(Basic Tk-ansformation)

53,,

.... .

,._!YEs

v(tc):v(Ic)-]x j

._'E$

GH : C;H _ X

[_TE M P r._,_(LS)

J(L._;}: J(LT)

J(LT):I_TEMP

<5

I0 : IC



54.

IRt_N_ ]T]_OW DIAG_NMSUBROUTINE " .... (C ONTI _I_T£D )

[.........................!

(Secondary Tran, sformation)

F_=_-_o_,I_I,_,,F.... 1'_':''_''1
YES _YE$ __

I_:, I

"._°.o:.... ,._

........ }i ............... I
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The variables not i!] commol_ a_t_:

JLT - J(L__)

hl - MAPR(O(LT) )

X - V (LS)

IC - Index of vectors

JIC - J (IC )

LTEMP- J (LS)

JLS - J (LS)

LTC - MAPC(J(LT))

LSC - MAPC (J (LS))

IP - Index of vectors

JIP - J(IP)

LZ - MAPR (J [I.P) )

IRT - _',wAPR(J (IC))

icE, - _Apc(J{IC))



Variables

F

FAC

G

GAP

GH

ID

iPRT

IX1

IX2

LCT

LE VE L

7
.<_hD

GLOSSARY

(Variables a'_ld Vectoivs in (.o,_umon S-L_Lement)

56.

The parametric weight assigned to the t/Jne interval

ore r'i ap

The number of parametric steps to shift from complete

emphasis on time interval feasibi].:{t3.' to complete em-

phasis on weight-diameter-length balancing

_qqe value of the interference functional

The scheduling time interval required for the flights.

The final permissible time interval for each shuttle

craft flight must be greater than or equal, to GAP

The change value of the current seque_ce of trial

swi tche s

The variable ID indexes the current number of s,..lit<:hes

made on the way up to Level

intermediate printout indicator par_u_leh'__.r_-

Indicates at the value IX1=0 that the n:ovement of the

modules is over all the vehicles; at <J_e value IXi:I_

indicates the movement of the modules is restricted

to pairwise vehicles

Indicates at the value IX2=0 thai: no gain has yet

been achieved in the current subprob!em; at the value

IX2:I_ that a gain has been achieved in the current

subproblem

'The level count for the current subproblem, This

variable assumes tile \.,a]ues LV1 _l)d LV2 depending

on the current operating mode

_is variable is the cu_:re_t ].eve] of th:.: se_:rcho

It is t]_e num]__e_ o:,_ _,-,,,_<]u]esinvo].'<.'ed in il,.,:_c<,,r.,-,2nt

sw._ tch<_s l__-z'__.q_jfi._--v<_< < iga t :_9.

-[i'i<!_"_'," _._L ] ]!C ,:[!'_'_ir _,,)':<:[_{ .L_":.)

a-(.<,.::}

L9
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LVl

LV2

M2

NP

NPC

NPL

NPT

NST

h_

E1

P2

P 3

57.

Index of the assignn_en.t being s,,;..-itched out given

by J (LT)

Level of interchanges se_rched when the modules are

free to move to an]; other shuttle craft flight

Level of interchanges searched when the modules are

restricted to interchange between pairs of shuttle

craft flights

The number of moveable modules in the current sub-

problem

The current priority class under scrutiny

The number of modules in the current priorJty class

The totml number of modules in the current run

_g_ne total number of priority classes

The -/:oral number of shuttle craft flights in the

current run

_e total number of possible &ssign]nents in the

current subproblem

The relative emphasis to be placed on weight ])alan-

cing as opposed i-_odiameter and l_;,oth balancing.

In general,

PI+P2+P3:=I and pi_<0, P2_Z0_ P._)__0

_]e relative emphasis to be placed o_ di_:_ete_- balan-

cing as opposed to _<eight and length ba].ancing

_]e _-e!ative empbas.is to be placed on length ba!a_l-

cing as opposed to wc:ight and diameter" balancir,g.



Vectol:s

v(ic) -

J(iC) -

MAPR (IC)-

_mpc (Ic)-

w(IP) -

o(iP) -

_u(iP) -

w_'(ip,) -

:)'r(:[i<) -

58.

i[

!'

This vector carries the change values of switches

in assignment. Let

L=_mPR(J(IC)), C:MAPC(J(IC))

then for

any IC d_M2

V(IC) =-ran, c

for any IC>M2

such that

MAPR(J(IC))=L, MA-nC(J(IC))=Cl

V (IC) =_L, CI-_L,C

This vector is an index list of all possible assign-

ments within a partitioned subprob]_em. It is always

permutated so that the first m2 Dunkers index the

current trial assignments.

tJ.[J _ _le_i'191is vector in conj _-' _ with the vector M_PC(IC) re-

cords a linear i].s-c of all ]_uss_ a,ss-w_'-m_ ,_o ;"] ........

a subproblem. The vector _£APR(IC) records each move _-

_cn it
able module number once for each vehicle to w]-J_ _

can be assigned in the current subproblem.

This vector in conjunction _rith the vector MAPC (IC)

records a linear list of all possible assigi_-aents

within a subproblem. The vector _PC(IC) records a

vehicle number to whJ.ch the module given in MAPR(IC)

can be assigned.

The vector of weights of the modules

%_ie vector of diamete['s of the moduJ_.s

The vector of lengths of the modules

The vector of total weJ_gi,t on a vehicle

to..l,79]e recto]7 of ,--, -:JiarF,,:.,,t<;_ron a vehicle

,..... E - .

rj)[':C C_.77] ]u_, "+ """ _"_'F_'':"_']I'_" t4 " _:" ....



_AX (_R)-

LE (IP) -

LF (IP) -

TL (XD) -

IY(_p) -

Nc (IP) -

_59.
/

The latest possible schedule time for a module

The vector of first possible schedule times for

the vehicles

The vector of last possible schedule times for

the vehicles

The first vehicle to which a module can be assigned

The last vehicle to which a module can be assigned

The vector TL(ID) records the value of the switch

V(ID) made at trial switch ID in the current se-

quence of trial switches

The vector of current assignments° IY(IP) gives

the vehicle to which the module IP is assigned

The vector of priority class assignments of the

modu le s
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A.l._

APPENDIX i

Review of Mathematical Terminology and Concepts.

In addition to the mathematics specifically required for

].inear L,rogranm_ing, the following summary of the underlying

_:oncepts and terminology of modern mathematics should provide

a useful orientation to the reader.

nc notions of element, set and relation can be taken as

logical primitives about which everyone has some intuitive

_eel. A set is composed of elements capable of possessing

v,:rtain properties and of having, between themselves or with

_'lements of other sets, certain relations. A set is simp]y a

%'_'].l-defined collection of objects ca!]ed "elements". We shall

donote sets by capital letters. '_e elements v,dl] be enclosed

by braces [ ]. Sets a,';e cowanc_].y described ei the:c explicitly

i.e.; A = [2, 4, 6]. the n_Tmbers two. four, and six. Infinite

:-cts are described by giving a defining property of a generic

element of the set. The defining property may be exp]_icit or

4;'_plicit; explicit properties indicate how any desired in-

,']uded element of the set may ]]e generated_ and implicit proper-

ies are those Jn which the defining property merely serves

_o test profe;red candidates for inclusion or exclusion.

i'he normal way of expressing the defining pi-operty takes the

"_,_rml [x IP (x) ], the set of elements x which have ,.he _ _-prone_ L.y

_,'(x). For example, A = [x Ix I 0], the set of non-negative

_",'_.bers; B = [ (x,y) Ix + y _ 5], the set of o_c(_e_-.ed pairs (x,y)

,'i number whose sum does not exceed five. Sometimes the. "

,",'fining p_._operty is taken as obvious when a few of the c!eme.,.'_.._;

•_',o ].]sted_ s_]ch as ]._ 2....._._ n],.. all .natural n_m_b,,.,r,_;_one _-

:'.'.:-ouqh n J_nc]_._sSvc;; "[I/2 ]/4_ 1/<._ .._}_ al]_ fractions
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P

of the form 2 -n n:--1 " Sometimes sets such _"

r

[al, a2. ..._ un] are written as: Jail :{___ithere is no am-

biguity in the discussion as to which elements a i we are

referrin 9 .

A.].2 A letter may designate either a "fixed" e].ement or an arbi-

trary element (also called "variable", argun',ent or generic

element) of a set. An arbitrary element in a relation is

"given" or "takes" the values of a fixed element w],en it is

replaced in the relation by the fixed element. A general

notation for a relation is R[x, y, z] where x; y, z would

be the elements which are involved in the relation. A relation

involving variables is an identity if it l_ecomes a t!"ue pro-

position for whatever: values are given the var:iables, if

R and S designate two relations (or propczties) then, we say

R il___nplies S (often %_=_tten R-,S ) if S becomes true whenever

we replace the var:iables in R ir._ such a way as I-o cause it

to be true. We a]_ :_y n an__ _ _:/,.-eequivalent when each

re].at',on imi:_lies the ethel-.

A.I.3 Given a relation R[x, y, z] between _ variables x, ],, z,

the phrase <for all xj R[xj y_ z]> (or < V-x, R[x_ y. z] >)

is a rel;_tion between y and z which J s true for a system of

values given to these latter variables and all values give1,.

to x. 'lq'_ep.hrasc < there exist.s x suc]] that _[x_ y: z] >

(or < S x_ 9 R[x, y; z] >) is a relation between y and z whic]l

Js true for a system of values given to y and z and ai: ]east

one value of x. These ideas_ of coursej extend to an as-

bitrary llumbcr of " "" " ''" . .me '.:L_o].i-

be statements such c_s: < for all circles: a rc_a _ _;2>_ a

relat]onshJ}) ]>ci-\,_c_ c:i_'.:c:]_:s_;_rc,a and rad:],._;; o, [

< [,7a i-,osi__Jvc Jntcc;c:r. .b_ :__,(n > N :> i,]'- >:n I< <) >"

_i"_:Ln] I< a l_c:: ;;",'.3a,_.On, i<, th<: _,,.:,b;_[-_:]on_:.. .../_,÷-..., ],_,_:> y, :<] >.
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0/..

If R,S designate tw<:, relatio._s, we cons_d_,_.: (R and S) as a

single relation which is true only when both parts R,S are

true. Likewise (R o_.% S) is a single relation which is

considered true when either of R,S are true (and in particular

when both are true). The logical or therefore_ does not have

the disjunctive sense sometimes encountered in ordinary

usage. With R, S as the n_gative of R, S, the negation of

(R and S) is (R or S) and the negation of (If or S) is

(R and S).

In logic when we write (a = b) (read equals), it means logical

identity. The slnnbols ajb represent the same element. The

negation of this relation (__L)means the elements are different.

Given a set Ej and a _I!__ of a generic element of E: those

e]ement_-" of E which possess thi_ property constitute a new

set A_ called a subset of E. 'i_he property of belonging to

a set A is written x ¢ A and is read as x -:_s an element o_ A.

The negation of this pror,_rty is written x / A and is read

x is not an element of A. 'fqle su]zset of al! such elements

is called the complement of A and is written as CA (or 7<)o

It is possible that a property (for instance x = x) is true

for all elements of E. %_hus the set E _.s a subset of itself

and is called the universal ('or whole, or entire) subset.

Likewise; certain properties (for instance x / x) do not

holed for any elements of E. Such a subset is called the

null (or empty) set and is frequently written as {,, (Note

that E add } are complements), it should be stressed that

different but equivalent pro]?ert-_es give rise to the same

subset.

It also occu'E._; vJSt]_ any f:]ncd c]cmerLt a c E t])at cc,_:ta]n

. .... ' fc_: th:i _;;-_ro].Dertie.,' (for :[n::tanc(_ :_<:= ,:) };o]_i _.':<]eLy

e]cmc.nt. :!in i_b;,-' _'."_3' <_no ./,t_,.:i,_ ',1_ ;._.d :-;c.[_; [;_] ):<d_c<.c!
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'_)ic sot of all sul>s<:ts of a given se!: E :'._.itself a set called

tl_e power set, and written P(E)_ Observe that ¢_ e P(E),

E (- P(E) and _+ x ¢ E, [x] ¢ P(E). If x designates a generic

element of E, and X a generic element of the set: P(E), the

relation < x 6 X > between x and X is called the relat-4on

of belonging.

Given two elements x and y of E, and a generic element X of

P(E), the relation of equality < x = y > is p_quiva!ent to

ti_e relation < _ x -] x 6 X, one has y 6 X >. In other

words, two elements are the same element logically if there

does not exist at least one subset which contains one of the

elements and not the other.

.<.] .7 Let X, Y be two subsets of a set E. If the property x c X

implies x 6 Y_ or in other words, if al]..t]xe elemonus of X

also belong to Y_ we say that X is contained .in Yj or tb&t

............... " ,- ,_et . 'iqlis re].atJ.on be--Y coi_tains X_ of that X Is a _u] .... of Y

tv:een >[ and Y is called the relation of inclusion (of X in Y)

al_.d is denote.d as < X c_ Y > or < Y D X >. Its negatiorl is

denoted < X _ Y > or < Y _ X >. The following elementary

inclusion properties hold for arbitrary generic subsets

X, Y: and Z of E:
J

i) % c X and X c E

2) X c ¥ and Y c Z implies X c Z

3) X c Y and Y c X is ]ogicaliy equivalent to X = v

4) the relation of "belonging" x c X is equivalent to

%he rela_tion of "inclusion" Ix] c X.

' . t .!i
For -_ny two subsets of E, the set of e].ements posses<JirJg

th<, l-;l:opcrt:.y thor < x c X .oJ. x c Y > is wr:i_ttc'n X U :_ and

{r: c<,]]<-d the un;]o_ t)f X _:n<] _'; the set of e].c,m,__nts ],osr.essi.ng

" _ s wr!ttcr: X f'] )7 o.nc-t _ <>t):-, j_rc)]_,r-_r"l:):,; < ;< < "i>:i _!;c] -< (; h_ ,' - --,

" , _. ' . '"_ dc f .i}_ ;i t: _ <n_:-_,:._i',lt: -'1 ]! ,] I!1") "]_ t ,_'7;Tf'.t!t'f ]'.',ri e) i- ],] _.17-,<._ '.,; J]l,;!_7(.
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be i1_nediately extended to any number of sets.

[x] U [Y] U ..- U [z] are also written as Ix, y,

64.

The sets

o . . _ Z] .

%_en X N Y _ _- we say the sets meet__ and when X N Y = 9,

we say the sets are disjoint.

The following propositions smmnarize some of the more impor-

tant properties and relations in set theory.

any subsets X, Y, Z of a set E.

i) 9 = CE and E = C _-

2) _(_X) = X.

3) x U x = x, x A x = x.

4) x U (Cx) = E, X n (CX) = _.

5) x u _ =x, x nE =x.

They hold for

6) X U E = E, X n _ = _.

7) x u Y = Y u x, x fl Y = Y f]x. (commutative)

8) x cx U Y, x n Y cX.

9) C(X O %f) = (_x) n (C Y-'), _(X N Y) : (_X) U ((_Y).

_0;_, ..v ,] (Y U -,7_ = ....(v U v_, If._z : >f it_Y U z_

ii)

x a (Y N z) = (x n Y)

x u (Y v z) = (x u Y)

x a (_' u z) = (x n Y)

N Z =-:X n Y N z (associative).

N (x U z),

U (X n Z) (distributive).

Tile relations X c Y, _X __ _/, X U Y = Y, X n Y = X

are logically equivalent.

The relations X N Y = 6, X c {Y; Y c _X are

logically equivalent.

The relations X U Y = E, CX c Y; _Y c X are

logically equivalent.

The relation X (< Y im]<_lJes t]_e relations X U Z {- %[ [I Z

and X N Z (: Y [] 2;.
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The i"_r_'- _ _ given in f9) furnish a powc:<ful recalls oA

deducing true propositions Jn the algebra of sets. _a%e!: a

set A of E is defined in terms of other sets X, Y_ Z of E

solely by the application of the operations _, U; n (in

arbitrary order) then the complement {A can be obtained by

applying the identities in (9). This complement CA is ob-

tained by replacing the subsets X, Y, Z by their complements

and " '- _" " ,.in,_err.nang]ng the operations U,Q with N,U resmectiveiy

while respecting the order of the operations. This is the

rule of duality. In practice given an equality A = B between

subsets of the above form, the first step is to oonsider

the equivalent equality _A = _B. These expressions are then

written out explicitly using the rule of duality. Fina]iy_

since we are dealing with generic sets X: Yj Z_ the role of

set and complement set are interchanged. The result of this

procedure is the dual of A = B. Expressions invo].ving

inc!usion_ A c B_ can also be trcated in tile same raanne? r but

;t 5s u:,_:,,necessary to -_ the _j,," < _ > _'" < _ %

The identities given in;A.L8 under the same number are dual

Ao.t_., (3) we have the relationto each other. For instance in " <:

X U X =: X. Applying the above' procsdur'e we have A = X U X

and B = X. Since in addition to A ---:B we also have _A = {B,

we apply the identities in (9) and arrive at (@}[IN (cox) : Cx.

Now interchanging the role of set and comp]ement set we re-

write this re].ation X n x : x and reach the,. dual expr(r.ssion

9J.ven in (3) o

A. I. ]0 In some equatlons, it 3.s de._x_b.t,, to i'ocus attentior_ on a

fixed subset A of E Given anot]_er ar]]it_arv _u%sot X of _'_

- ,d !:2Zit%C A n d .is o f tc:nthe su]:,set X [] A Js <._]l( the of X on a

written as X A and :ks a2",,'ayb conr_:l.c]c_rod rs ;:: subsot of A,,

For al] sub,s:_ts X: Y of E_ tb.,: fo]lo_v_;v_ d::]-,__:c_s:.;ic;ns bold:

(x ";) = -, vU "_ ,7',. d'_ !k

• ]': It ,',

%A"]'_ " <]; " 7,"



where {EX is tile; comp].emcrlt of X width respuct to E and

_AXA is the co!np]_cmcnt of the set X A with respect to A. In

a similar manne_j with { a famJ].y of subsets of E_ the trace

• " c_aces on A ofof _ on A is wrJ.tten {A and consJ.sts of the 'r
l

all the subsets of _.

r

J
i
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A.2.1

A.2.2

Given two sets E and F which may be distinct, a relation

between a variable x of E a1_d a variable y of F is called

functional in y when for all x 6 E there exists one and only

one element y of F which satisfies the L.Tiven relation with

x. The rule or p_-ocess which associates with each x 6 E

an element y £ F is called a function. The element y is

the value of the function for the element x and the func-

tion is determined by the funct%]nal relation under consider-

ation. Two equivalent functional _-elations dete-_m_.ine the

same functJono As an example

-lsx-Ii (×-i)3 5
y = 2 L (xTf) + 3 (x: I_ 3 + __!--_ ) + ]_-I_, .,% e _ e

a_,d

Y = fi xdtt

are two equivalent functional relationa _vhich deter:mine the

. _<_id tosame logarithmic (]o x) function [[qie function is _'

be defined on E and to take its values in F or to be a

function of an argument (or variable) running over E or,

more slmpJy, as a m a[%pinq, of E into _:.

The mappings of a set E into a set F themselves constitute

a new set., the set o_f___m_.gp_pJ:_:_qs___of____EE_J[!!:.oF, In this _iew, !

__.L,iL.i _l(.mel_t f o_: the set of mappings takes the va]uci

. is.fi_}i) for an element >: of E Sometime:-; %.he notation fx

eml•>].oyed. This is cai]cd }._r_dcx notation and the set E is

"on " .,.<]_:L_,,,, < yti-_ eal]c.<_ the index :-;efi_ T}-!e ....... ""- = f(x) > Js a

funct_onc.! r,.:] at: i.,nJ i)r_ y "_,.,}:_ci_ c]'_,'_:•,_<_.,_..,: _, f This "_'_ t.o be

uy_Oe_r;:;L:co(] ].0 _4"-'''i'_-: ,T]:; :;._]L._, _'r_ "[1}]<- C:'Jr.i,',-]_'" ),_ 0[ ];' l;()'_"-_ t.]]F_l

_::]('][i¢::,;i ;:._:;:,)_.:;'[ (: .,,',i c]_ 2:. _:,:•]. ",:• i;]_:: ._"_'_.]_(:_ ,']IF _,]:'C(!O._:::_ . :[;,
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The function determined by a relation of the, form y : <x >

(or <x>) where <x > is a combination of sicyns ultimately

involving x is designated by lhe notatlon x -. <x > (which

in an abuse of language is sometimes abbreviated to <x >).

For cxample_ if X and Y are two generic subsets of a set E_

the r.elation Y : _ is functional in Y; the,mapping of P(E)

into P(E) determined is designated by X _ {x_ or sJmp]y by

_x. Often instead of saying < let f be a mapping of E into

F >j this is stated simply as < f:E _ F >. Diagrams are

often employed to describe situations involving several

mappings. For instance j

B -, D

designates that f maps A into B which in turn is mapped into

C by g and into D by v while C is also mapped into D by h.

The relation of equality < f = g > between mappings of E

into F is equivalent to the relation < V x c E_ f(x) = g(x) >.

A function defined on a set E and taking t]-Je same value a

for all elements x of E Js called constant on E; it is

deter.mined by the functional re,latiol<, y : a. The mapping of

E intto E w]lich associates eac h element x of E with itself J s

called the identity map. it is determined by the functional

relation y := x. The mapping of an arbitrary subset A of E

into E which associates with eac]_ element x ++ A the element

x itself considered as an element of E is called the c__q!l]_!gnj:-

_(-9] mapping of A into E o Given a mapping f of E into itsclf_

the e]emeI_ts x (: E such that < f (×:) +-=x > are called j J_.x_ari--

ant under f. This Js extended ]ay sayin,_ that x is invar:iant

u_+.,+]ora set of mapping whc__ it is inva<iant under e_-tch of

t,L+,m.



A.2.3

69.

Let f be a mapping of E into f', and X an _rbitrary subset

of E. The image of X undec f J s the _ubset Y of F con-

sisting of those elements y that possess the property:

< S x e E 9 (x c X and y = f(x) >

In this way, we determine a relation between the subsets

"c " functional in Y, and therefore deterTninesX and Y whl.h is

a mapping of P(E) into P(F). This' mapping is called the

extension of f to the set of subsets which, in an abuse of

language, is again denoted by f and written as Y _- f (X).

For all f and x_ one has f(_) = _ and f([x]) = If(x) ].

Again in an abuse of language the value f(x) of f for x is

also called the ima__g_e,of x under f. Sometimes w]_en nn ar-

bitr_iry element y of F can be written as < y £ f (E) >, we

_p._d .....ag ]oo ..... ]y, thesay k[_is of the form fix)_. Also " _.-1.-.;. _e •

. _ i:n=. .::_maq,.a.of 4:image f(E) or E under f is cal_ed simFJ_i r " < ' _--

..__,_ f (F,) = F, ....... l_" ....... v - [_'

x 6 E such that y = f(x)_ then we s-_Ly that f maps E onto F.

Sometimes the qnt__O_ map is also referrr-:d to as a su_rjection.

Sometimes, part:_cu]._.r_.],_-'.....in geometric _ituations_ instead of

mal)j_i__!c[we use the _ _"" tr__9_qnsf!PAm, e.g._f t._an_fo -_m,_ x _n._o

f(x) and X into f(X) . In this terminology f(x) and f(X) arc

the trm_.s forms.

%_en f lna!:':-_E :Lnto itself; the subsets X c E such that f (X}

c X are called stable und, .... f The te_-minology is ...._nd'_d

to a class of maps _zhen the subse + is stable under each map

of the class.

The fol].owJ.n'-7 pro!_osJ tio,,s hol._] fol- a map f of E into F

with arbiti'ary subse!:_; X and Y of .]'].

I) X c y i,_,G-!ie:-:f (Y[) c f (h[)

' " " .. ,_ /5

..'_ f] "'.."', <. ., ,, ,, -,
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'i'he cuostion of "inverse" elements is of g_eat importance

The subset X of E consisting of the elements x suc]_ that f(x)

c Y is called the reciproc_,i im<_qe of Y under f. This defines

a relation between X and Y which is functional in X and there--

fore defines a mapping of P (F) into P(E) which is called

the rec.iprocai extension of f to the ....t of subsets, written

f-l. Note this means that X = f-l(y). A case of particular

interest is the set [y] conzisting of a single c].ement where

f-l([y]) consists of all those elements x c X such that f(x)

-- y. The relations < f(x) = y > and < x 6 f-l([y]) > are

equivalent. Sometimes f-I (y) appears instead of the more

formal f-I ({y]). The trace X A of a subset X of E o Z a fixed

" L'-)subset A .is just the recJ._roca± image of X under the, can-

nonical mapping of A into E. The following propositions

hold for a' map f of E into F with arbitrary subsets X and Y

of F_

i)

2)

3)

4)

X c _. _ f-!(X) c f-l(y)

f-lix u Y) = f-i,,x} u

f-icx N Y) = f-l(x) fl f-l(y)

f-1 (Cx) = (x)

It should be noted that the relation on intersections

< f-l(x N Y) = f-i (X) n f-]-(Y) > does Dot hold for any map

of F into E. As stated :}n A.2.3 (4) _ in general only the

weaker statement < f(X N Y) c f(X) D f(Y) > is true.

Likewise; the relation < f-l(_x) = Cf-!(X) > has no analogue

for an arbitrary extension of a mal:_ to the set of subsets.

It is also possib].e, for f-I-()() = _ for a non-empj_iy- X of F.

It j.s-"nece_;sory and suffJ_cie.1,.t Lh_'.t f be a mapping of E

onto F for X / _ to imply that f-I ()[) / _.

'_en a map f of E into .V has the p[operty that for all y (- F

there e_:i,_to _t most one c].ch'_cnt x ( E such t_a: y f(x)

(e.c]. t]_.(_sc:t f-]-([y]) .i_? o.!upt:y oc ,.:o:_::]r__t:_c)f ,-i.,.;Jl]g]a
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In ordinary usage the particular instance where the stronger

condition that f-l([y]) con:_;ists of one and on] Z one element

holds is of paramount importance. A map with this property

is called a hi-unique mapping of E onto F or a bijective

m g/m_ or" simply a bijection. Formally, given a map f of E

into F such that for all y 6 F there exists one and only

one x 6 F, such that y = f(x) then f is a bijection. We also

say that f is one--_o-one and onto and in this case there is

an inverse function without recourse to the extension to fhe

set of subsets. _en f is a hi-unique map of E onto 9',

the relation < y = f (x) > is not only functional in y, but

it is also functional in x. As a consequence of being

functional in xj the function f determines a bi,-unJque map

of F onto E which is called the inverse (or reciprocal)

map of f. In this case note that the reciprocal _ _.....

of f to the set of subsets f-I is identical to the inverse

function. A bijection can also be character';zeal as beir, g at

the stone time a map of E onto F and a hi-unique map or

injecfi0n of E into F.

Let g be the inverse function of f; the relations < y = [(x)>

and < x ----g[y) > are equivalent. The inve_.-se function of g

is f. With f a bi-unique map of E onto F, the relation

f((X) : _f(X) holds for all X of E. Further, the extension

of f is a hi-unique mapping of P(E) onto P(F). A bi_-unique

map]?ing of E onto F and its inverse map realize a bi-unicrue

corr_,_,_o_.,]_nc_, between E and _ We say E and F are put.... "- L_-2/- u .L_-il"t.?Z-t2---'--_'- " _ "

5nto bi'-uniqde cor-.r:espondence b]_ these mal)s. A bi-unJq_)c r_._-;l)--

ping of a set E onto itself is called a pemautatior, of E;

the identity map is included _nd is also., a pexmuudl_lon'.

When a permutation is idontJc,_] io ;'-_.s_nverse ma]_; it _.o'-

call.c:( })),/pj_!_S_-.:;_,'9_. An c,x_m-q?],:_ ,.,:,. t]_:i.s ].c; _: _, 0...,_ c)f ,-t]_)

t f"onto i[ s<.] ..
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In the following propositions }[ is an arbitrary subset of

E and Y an arbitrary subset of F, while f is a mapping of

E into F.

i) f-l(y) : f-l(y n f(E))

2) X c f--I (f (X))

3) f (f-i (y)) c y

The properties < for all Yj f(f-l(y)) = Y > and < f is map-

ping of E onto F > are equivalent. R_e proi)erties < for

all X, f-l(f (X)) = X > and < f is a bi-ui_ique map of E

into F > are equivalent. The properties < for all X_ Yj

f-l(f(x}) = X and f(f-l(y)) = y > and < f is a hi-unique

mapping of E onto F > are equivalent.

Given three sets E, F, G which may not be distinctj and a

mapping f of E into F and a mapping g of F into G, then the

mapping of E into G defined for x £ E by g(f (x)) is calked

the composition map of g and f. This map is written as g o f

or simply as g f when there is no ambiguity. The equality

h = g o f is cai]ed a factorJzat.ion of h. The order of

eom_?osition is impc, rtant. The reverse composition f o g

makes no sense when G is distinct from E. _'_en the three

sets E; F, G are all identical then both compositions g o f

and f o g are well defined, ]_ut .in genera] they are not the

same. Compositions maps are also extended to the set of

subsets and with 9_ the composition of g and f, X an arbitr_u:y

subset of E and Z an ar]3itrary su]_set of F:

l) e(X) : g(f(X))

2) _-l(z) : f-l(g-l(z))

Com_o:_:]. tJ on m_._])s. J.r;he.:cit th.: ]._:rof_;c r[y of i-)c '_.,,,g _j] ject::i.o_s

(] 1 - ' onto) r4o=,a :f-,:_r:.:_; ..... .:, ....- _alt_ . ....... ,.,,;-,, jf ;- 4,, _ (.7-.',, onLo) ma],

Of ]'] 0I]10 ]:" ai'.,;i ,-] ._;i _-_ (].-]., ,::._ii.()) ;_:,..p {)i ],' _:)_[._-) G, t]l(;]i

. _ ._.:.: ;l (] .].: ,,'_") .... b" .f! [i;_ (:,_Lt:<, r: (:<.:_,,;._.,:'.,i _<;:_: _;,;_ ]>'
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extended to more than two functions and are associative.

For instance given an additional map h of G into Hj then

h o (g o f) = (hog) o f is a map of E into If. If f is a

map of E into itself, the :{terat:ioi_ of f, written fn

(n intcger _ I); is defined recursively as fl = f and

fn = fn-i o f. The map fn is the n th iteration of f and

the law of ex])onents holds, _-'..g. _n+n = fm o fn.

A note of caution- the cc_.position maps (f-i o f) or (f o f-l)

respectively of the :ceciprocal extension and t]_e extension

maps are not in general the identity maps of P(E) or P(F)

respect]_vely onto themselves _en f _. ._s a bijection,

however_ the above compositions do indeed give the identity

maps. Conversely, if f maps E into F: and g maps F into E

and, in additionj g o f is a permutation of E and f o g is

a p_:_u_at...o.1 ,:'_F F then f is a hi-unique ma!_pJ_'g oz E onto

F and g is a hi-unique mapping of l? onto E. If, further:

g o f is an identity map of E onto E: then g i:_ the inve_se

map of f.

A. :_.8 Let f i)e a map of E into F, and A an arbitrary subset of E;

the map fA of A into F which, for a,:b.itrary x c A, takes

the values f (x) is called the restriction of f to the subset A.

_,,c. comT2osition of fThe map can also be viewed as simply _ _

and the car._Jonica! map of A into E. .].f two ma!_pings f_ g

of E into F ]_ave the same restriction to A_ then we say that

thel_ coincide in A. Conversely, we sometimes say that f is

h _an extension u J: fA to E.

A m,:q_'ping of a sc't E o_ito a set F _._ also ca']_<., a ]?9'J;{_-

,_;_lI(_({ ' _ <,,f...... <.'It: , , . O:i.: _;_J','L'2_'_<".i<._]:s; D.YJd , [T._-; .<:] (.l_'<';_! _; L___C' <.'[l]..]_<_{I

. , . _< , . •



;, : _ .!]y_/![_ei[_<,}_egt{.L of a set F J.s, by d(:fil_iti,,::,

:._i]_:,,'t of F equipped.with a parametric reprc:_:c,ut:,ti ,

.:,_,<,]another way_ the correspondents under sore<, i_,1 ; :.

,<,-<T_c,:,ubset of E. The image of E under this ma]_i_,i_,..;

th< s(,t of elements of the fam]l Z. Note that two d <. , .

f_u:_ilies of elements of F can have the same sul,,:,et of }

a:_ the set of their elements. The distinction ].s i_: t!_

p,_rametrization.

;_ny subset A of F can. constitute a family of e].em{.nt:_ ]_,,.,--

much as it would be sufficient to consider the f}.mi]y d, .'._,,_,

by the cannonica] map of A into F.

. -" [-; _|A fami].v of elements of F def.ined by a mapping i - _:j :

set i into F is written as (xi)ic I (or simply (x i) _ _" '"

index set is clear). If J ].s a subset of i_ the fa.m, il> ' :

is called a sub-family of the family (x._)_ Z cor_:e ...._,:,l....

J. It is defined by the restriction to J of the mtu,p]i,{ , -
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The description off the ]p_:_rametezs and data for the

Mathematical _MoSel o__ .S_upp]_/ :.Su'_p°rt..---for S_r__:ace.Operations wS] ]

be illustrated by the followingv Examples 1--4 of actual computer

output and by the following simple example. Assume we have five

modulesj and three shuttle craft of which the first craft is of a

different type than the remaining two craft. The modules have

the following physical characteristics:

TYPE _ I GHT D I AME TE R LE NG TH

S-i 16.130 5 . 28.

S-i 16 . 130 5 . 28.

T-I 15.93 6. 6.

T-I 15.93 6. 6.

X-I 35.036 i0. i0.

In order to fulfi _''...L_**_ objectives of the. progrt_m__.... the

• " 4-4 _ _ _ _ -:",--,.a_ _,-_

must _._- d_:x-_.............."......;' l,_ s_..... fi^_....... m_, _ ........J t t M2L.t LA ..t,%.;- S..L J- V _:';

follows :

EARLIEST LATEST

MODULE Ti.b_ TIM1']

S-I 0. ]2.

S-I 13. 24.

T-I 0. 12.

T-I 13. 24.

X-I 0. 12

Due to the large length, the first two S-I modules

carl not go on the first craft and due to its high weight t.be

fifth X-I modules must go on the first cL'-nft.

data is illustrated bl.7 Example i.

The basic input'

}

TNPUT



name!ist stat<._ment is:

NI£,_E L I S T/'PAR/i/N P L _NS T, N P _i'j LV 1, LV2 , (?,AP, FAC, P 1 _ P2 j P 3 _ I P RT, IC N

The meaning of the parameters is as follows:

NPL: Number of modules or payloads. _ere must be exactly NPL

module description cards included in the run.

Example NPL=5

NST: Number of shuttle craft or flights to be scheduled.

Example NST=3

NPT: Number of priority classes. Selected by tl_e user to cut

down on computation by limiting the higher order inter-

changes considered in the search procedure to one priol-ity

class at a time. In general uot more than 30 modules should

be assigned to the same priority class. Similar but not

identical modules should be assigned to the same class.

The quality of the final answer is not too sensitive to the

number of priority classes.

Example NP'P= 1

LVI: Level of interchanges searched when the modules are free

to move fo any other shuttle craft. In general, this para-

meter should be left at LVI=I or the computation time will

be too high. This parameter has a default value of LVI:].

Example LV!=I

LV2: Leve] of interchanger_ searched when the modules are con-

strained to interchnnge between pairs of shuttle craft.

This limitation permi[s deeper sea_-ches without excessive

computation t:ime.. In gon<_<-al, LV2=2 is very staisfactory.

This uarame_er has a default val,,_ of LV2=2.

:ii_[:':_:v.:_] :,_,<.<- <_ s]_.<_,tt.]< c__._._kt is ,'"_:_t"n_:_i.,) ..'_ ]q, t]'.,: 5nt__.v-



FAC :

PI:

P2 :

P3:

[[Pld_ :

section of the :;.ildividua.] [::l.me j_te:,:va]s of t]-,e mod_1]es

,_ss.Tunec_ to _'- shutL].c c_,_ _]l_. l]aramcter has ,- de

fault value of GAP:0o

Example G_=0

_que number of parametric steps to shift, from complete

emphasis on time interval feasibility to con_plete empha-

sis on weight-diameter-length balancing. With a good

starting assignment FAC:0, in general FAC shou].d be between

3-6. Some smoothing between time incompatibilities and

physical loading characteristics as provided by FAC is

essential for satisfactory performance. This parameter

has a default value of FAC=3.

Example FAC:3

The relative emphasis to be placed on weight balancing

as opposed to diameter and length balancing. In general

fault value of Pl=l.

Exam______pleP1 =.2

The relative emphasis to be placed on diameter balancing

as opposed to weight and length balancing. This para-

J

meter has a default value of P2:0.

Example P2=.6

The relative emphasis to be placed on length balancing

as opposed to weight and diamet_r ba]ancing. _iT_Js para-

meter has a default value of P3:0.

i% IE.:ample P3:.2

Inte treed-" "'*- ,_ - ....._:_._e pr._ntout of st_{e of the ].>rogr&_-t information

is (y,:y:<_].'__tC;<lfrom _ ....' ,._-- R_ _,:!_r')7:V t]__c_ ,:;;.to,'t ,_,"

...... ' bu i

•,.,,],o:_.._Pi,L'i.'.-:_!t:h,,::i:_.t_cJ"._,:di._LtL:,;i_.);'j::,,._<.)_.__ L]_'_;_<-,)-,'__",<....t]. _]'_:',.::
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!CN: If]dictation Lo contimue to rlext pr,"_','(_m J__ sta_J_ed fulls
.%

j'

The value ICN=0 causes te_:mination while the value ICN:I

causes the program to read in a succeeding problem. _£his

parameter" has a default value of ICN=0.

Example ICN=0

Flag to permit stacked cases without updating payload data.

The value N=0 allows the program to run stacked cases using

payload data carried over from the previous ease. The value

N=I allows payload data definitions to be input.

In summary, the parameter card for the example would read:

Col. 1 Col. 2

& PARM NPL=5_NSg-'::3,NPT=I_P]=.2, " _- 4_ .P,_--. P3 = 6 AEKD

Succeedinc[ Cards

A card must be prepared for each module to Le inc!ud,,=d

in the run. The ]]umber of module cards must acTree with the

number _pecified ]_}%r_the p_irameter NPL. The input card for each

module contains a four letter alpha-numeric descriptor, the

weight, length and diameter of the moduj_; the earliest and

latest times the module can be scheduled and the first and last

vehical possi]]].e for the module; a priority class desi<jnation

and an i_,itial assigmnent to _.<vehicle_ _.%lese quantities are

read wJ.t]_ :._Fortran Ff,_P3.'IAT(A4,2X, ST_6.0_4:D!) external statement ii

in the ':MAIN" routine. In terms of the _.<-_.._.-r,-,le these ca_-ds

N_

wou].d be oun::hed as follows :

Colur_ns

]_ - 4 .......5 -- .i. 0 .I ] - ],<i .:--._.........7.--22 2 ::_--.:__ 2 !_,.-3 ,:i .-_}!]__', 9. _-'_-.,/-.='[" ...................39... 40 4 l..- ;:_:.:,.

S-1 16 '30 .5 0 5'_ ,, 0 0 .:,_::" f' .,.............. 2 ":' ! 2

... u 24 _" 2 :' "......... .._ .L 3

T--.1 1!.i. 0]. 6 .0 % . ,_," 0 .0 ;fi :.,,'" i _,_ .I 2

T--! t!i. t._2, 6. C, 6..... ".' !. _. P 24. (,' i :' '.k ")

X-] "'- ,'_.... "F _: 0,.(_ ;:):'-_ ..... :._" _}( • () -:...... 0 1 ]_ 0 "
• . . .... ,.. .,.
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• - .i,_.'.:<:_<;Icto at tack the prob]om of the reiationship betwef:n
i

".h,: modules assignod to the same load directly. This would

Ikq0ire abandoning linear models in favor of non-linear models.

The most widely studied non-linear integer programming

Froblcm is the "Quadratic Assignment" problem. [See reference

2 ], In this model, there is an interaction factor between

the objects to be assigned and a weighting or screening multi-

plier associated with the sites to which the objects are assign-

ed. In its classical form, the objects are assigned uniquely

to the sites.

Model III _uadratic Assiql>ment Prob]_em

Let,

i .

_p

if module i is assigned to site p

o t]%2 rw i se

k. = cost of assigning module i to site p
ip

¢_.. : interference (or compatibi!iL.y) of modules i and j
-9-3

c = weighting multiplier be,__een sites
Pq

then subject to

E I. = 1
ip

P

z_. li
i xP

for each i (each module must be assigned)

for each p (at most one to a site)

rain E _" kip lip + Z V qij c I. -I.
i p i,j P,q .. pq ip 3q

'N_is model introduces directly a relationship between the too-

.. _ . . ] J:f].c_l] {-y. U..,;ec],Jcf d'" ' " is the - '_" "_' _ _ ].equ3 ......._i_n t<]u J_cs __;e]_na as_:;igv, ed '"

_.}__:.tonly a single modulc ;is ;,,ssigned to a site. This is easily

. t:I£ --



assigned to tl_e same site bv takinc_ c ==' . _- _ .....
" - -' pq L 0 othe J:wise

leads to the current model employed in the space supply support

program°

Model IV Space Su_l__y Support Problem

Let,

=IIIip 0

if module i is assigned to load p

otherwise

qij = interference or incompatibility of modules i and j

then subject to
P

I. = i for each i (each module must be assigned)
ip

P

min Z Z qij I. "I.
p i>j ip 3P

In this simplified version, of the qu_ldratic assignment problem

any number of modules can be assigned to the same load and the

special form of the weighting factors Cpq allow then to ]_

absorb_,d into a simplification of the extremal function. _e

costs k. of assigning a module to a load seem irrelevent and
ip

have been dropped in the current formulatJ.on. However, they

might be utilized to control the number of loads utJ.lized in

preference to the current strategy of opening an additional

load only when the solutions to a problem i rove undesirable.

The interference factors qij are currently pairwise factors

thereby keep:ing the problem quadratic. These o.. f_ct-ors can

be uscd to reflect both sche(h_ling time and gerbera! .loading

comt)<,.tibJ._! ity, To refl "," _ [..'.m._ _.._:_, schcdu]i_',g '-, ,_ the time inte_._\,als

T. = [ear[lest tim:::
9.

]et,:_st t:i.,,._ ]

a__ _. d<:fin.,.--i ._n<{.



qij = _ if T,l _ T.] : _ "

]n general_ if a compatible time for scheduling exists_ the

interference factor is taken as_

qij = Pl'Wi'wj+P2di'dj+P39"i'P_j

where w. is the weight of module i
1

d. is the diameter of module i
l

£i is the length of module i

and the pl J P2 and P3 are parametric weighting factors Pl_0_

P2_O_ and P3 _ 0 and Pl + P2 + P3 = i. These parametric factors

are used to reflect the degree of difficulty these physical

characteristics might occasion where modules are associated

in the same load. The physical dimensions are general loading

characteristics and it might be much more effective ho simply

construct a table of qij reflecting loading incorapatibility by

module types° If this more flexible procedure is followed_ the

model could be extended to include triple and perhaps quadruple

interference factors between module types. The present scheme

of employing general physical loading characteristics to deter-

mine loading incompatibility is most approprlate when J_arg_

numbers of modules are to be assigned to the same load,. Un--

doubtedly much stronger results would accrue to the more f!exi-

i_]e tabular scheme when at most three or fouu modules wou].d be

u:::_gn<d to t be same load.

IJ0ving e:{amincd mo,'!cls _:_nd problem formu]ation_ the

:. :': : _ u',> i,.:, {:o J_t:v(_'_" tio:a [i:o, .:.;o I l" [ { o'] t<}c!_}_:; <,'_.c r'_--_,, ',-,_.:_ -i 11

• -_ c .f ] _'.'-f-....r " :T.i< _ _ ]'7.<z,:. ,_-,n__. ]tyt ;_o:",_",_: '. ::_-)(.', :_ i] il ;-._[ ].Q_I::: _._- b,;.,,.,
L .t " .....



basic w_ys. The i=ii_st wa!_ ;Ls to formu]_ -< the model in _terms

of somewhat artifie_al].y introduced varJ. -__o].es suc.h as the I..
l]

above and then to impose large ntu_bers of constraJ.nts such as

E Ilp = 1 in order to make the variables behave app_:opriate!y.
P

In this approach_ the solutions., is defined ._licit]__=l < as those

variables which satisfy the eonstraints o This approach has

been extensively cultJvatef_ and -_,,are:as where the ....' '-- is- - p.L t'.,D.t._l

naturally formulated in terms of continuous variables, has led

to excellent results. This is the traditional domain of mathe--

matLcal progranrming. The attempt_ however_ to e:[tcnd these

results and tools into areas where the introduction of the vari-

ables is artificai and the number of constraints large has been

much less successfu].o This Js partJct].arly true when_ _s he_:e_

the variables cannot• be treated as continuous variables b_it

must be forced to assume integer values. The Lest known sol.u--.

tJon technique in this line of development is the "Gomory Cut"

for solving linear i_._t.eger programming problems. However as

pointed out above_ the linear mode].s are J.ncapable of _" _'aca_._.ng

with the critical problem of the interaction of modules assign-

ed to the same vehic&l. This technique has also proved quite

ineffective _.Tith large problems.

The second fundamental app_;oach J.s to generate &_:d

e_iume_:a-te the desired assignments dJ.rectl},_ and explJcit]y.

This ap]:_roach s_emF: ,_:'-_t _.p_),->;_.:_atc- 'when the p:<o]:._].emJ s natur-

ally d:iscrete and t] •_ _,_-_,,.-, . ......_.._,.-,:easJ-] _,_q(-'ne:_atcd by comb,:)aLr_r];_]_

LCC]I-'[C;L, OS.... ,_<............i[[; t]X_' '":_:(" ]_<)]E_. rr, ,-_Ii," ;,'_',,I.!.,V, O[]V !._l'Ob]._.';<! i::<
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r

_,-., at va]iJe )17,2.---0no g_-;r, ha_ yet ,;;_-n achieved in" _},<.

current priority class while at value IX2:]. a gain

has been recorded

]D: number of modules moved in current trial of inter-

ehange s

LT: module-vehical correspondents to be read from _tAPR

(J(LT)),MAPC(J(LT)) which are presently assigned

LS: module-vehicle correspondents to be. read from MAPR

(J(LS)) ,MAPC (J(LS)) which is to replace the pair

specified by LT

LEVEL: the maximum number of interchanges to be considered

• _._e r change sin' the current sequence of trial "_

The next line of output Js the !abel "J,V VECTOP_".

and ]?_R_,LAT (il-][i]_ i0FI2.6) res]?ectively:

J(IC) _ a linear numbering of the poss:i_ble assignment pairs

specified by MAPR and 14A_2.

V(]C) : the change in the interference function to be ac]li--

eyed by switchiug the assignment pair given by corres-

ponding 0 (IC) with the current one

These vectors are followed by the vector -'_'-_"pr _.,l[,_a with F_,L-_T

(' TL=', !0Fl2.6)

•TI,(:['P) : va].ue of V _hich has been reached at the IT th move-

ment when searchinq up to LEVEL,

. J - - T p _I'_,i.,._:ca._;e two eut F,,_'tstatements in. ,:he pco:jJ;a_.:_calling 'rhll,lt_t_ .

i_;.: [.:: l_::,._{ _31-',::': ,:vo];[/ I <_'t:.-, :_-<:,:h_[LL;Li<)h <)i ,::':';.]._.i_:t_,_]-_[;_-.



E Xfd_!PLE i

(INP,,_-DA..A)

67, NST== 32 ,NPT:

,P2:0.50000000

NP L= 2 ,LV i= 1, LV2 =

0.0 ,P3=0. 50000000

_ E_:D ......................................
9P. '400U[ _ WF- |GHT 9 ] '-'_'__ ;-[p I.[_I_]I:_

I ___] ............ 1.61 _ .... ?.aO_ _ _ _0- a,q
.... ? I ] ,-._1 ?.sO O..Sn

3 2 1.5 "_ 7.93 .1.60

........... _--5 ............ i .-'::_ _.__ o. _,o
g % "*.qo z.6a 1.09

......... ;.--_ .............. _._, ......... _:,<0 - ] .n_
v 6 0o ] 5 0. vO 0. 50

q i{, I. -':_ "_,."_0 !oaq

..................................In l-: %.-<4 ........... 4._.0 ].on
• 1 l 1 o 1._'n 1 .50 l.Oq

- 12 .... _5 ............ n,,_n ........ io,"a .......... i -..-0n
• " v':' 0 < , . 13 0,, .... 0 1 .2o ' 9q _ .

I.,e. 23 O. 1 '_ 1_.00 O.4n, (}.O

I% P3 O_lq !.Or] Oot_O 7=0
.............................. .....................................................

l '-, ? 3 '3• 1 r] 1 ,, " O r). 4 n - I3. n

17 P3 0. ln Io_0 n. ,',n lo. r:
" - lO-r--lO .............. _.t,,,............. 3.n,5 ..... i;o:" !?.0

2,GAP=0o0 ,FAC=3. 0000000 ,Pl =

IRRT = 0, ICN = 0

"IF T r I_[ LF 'X'C I v

0.0 ! 2.0 1 3 l !
-13.0 ..... ?z_ ,. 0 16 In 1 1;

O.n 17.0 5 t5 1 --
................................................ t

I_.o 7'+.0 20 32 I 7":
i

O.n I2.n 5 15 1 ':

l _.0 2q.O 20 _P 1 7 "_

0.O 12.0 1 *, 1 ll
I

:"_. "3, I ? oo 5 1 .'3 1 51

....... o.0 ......... 174 .)...... _..... !E ..... , ....
0 o (] l ). 0 5 19 l :"

1.3.0 24.0 20 32 1 P
.... O.n- .i 2.(5 .... f _-3-...... [

26.(1 16 l_" 1 I '

6.0 1 3 1 '

i2.0 I 3 I

,1"3.0 16 I:_ l ] !
2 z, .0 !r- l _. 1 1".
_4.0 20 u2 l ..')"

I '_ )4 q.a,, r,.4) O.,Sc' q.O ] 2._n _ l_{ t . _ ::

2:3 )_4 O.,a" 9.40 'O.an " l--_;-n ..... 24-.-0 .... 2o -i2 .... I :?

........ ?: ..... ?2 .............. 7./:o .......... _-92 ...... 1.o_ c:.a _._ s ts _ -"
.......................................................

27 25 7'.4q 3.4n 1 .On 1 a.O P&,O gO 32 1 "'

2 _ 97 o.5a 7,0o lo'3o o.0 I/.O z,. 4 0 z.

2,, 27 n.n", -,.no l.S_ " _,n " ]2.o ....... 4 ....... 4- _-- a
2% ?-1 q+ _'n ",.on 1.50 n.n 12.n 4 a 0 '-

................................................................

2_-. :,; o._o ?.no l._n - |:_,O ....... >gin .... i_ ...... i 6 ...... r_ _,-,

? 7 ", -r r', _ ") _ O 0 1, '3.2
f_ _ • . ¢

2'a )_, |.qq "', .. ? 0 O_ .or,:

.... :'_' ._ "79.............. !.:5. ° .......... :!:e °............... o° s _,

"_1 ?_ l.r,O " . PO O. /'q

?...' 3 "_ 3., 9 ,. %. I '; l . ? n

" ? "_,1 1 ,, ': A Z. oq

13.0 ?'_.0 9<_.. lq 0 l _,

la,O. 2,'+ ,. 0 20 32 1 .',

13,, ,q l 6. r, 2 n 32 I 7 ":i

t 7.n 20.0 20 Z? ,t ,?'_

21 0 24 0 "?,'_ _', i '-,n

[_. n P,q. ;1 2o 32 ! 2'"

............ 9. :." .......... q. o I. 2 •'> _ !< :!



EXAMPLE 1 (Cent,)

•_c, x3 L._ _.2o n,c) s .... _.o I_.n _ i-_,..... -I ....
• "_7 x3 l.q c, 3.2q 0.(_5 13.0 1%.0 2q 32 2 2q

39 _ ................ ] :,] r, 3.2"; 9,¢_5 LQ.O 2t+,O 2') 3_ 2 90

3q Z/÷ n 16 l.lO O._q 13.0 2t_.O ]" 1 _ 7 l _

z_n 35 0.25 I ,2,7 l.n _, ,].n 12_.0 '_ 15 2 9

41 35 cl._q 1 ,2 n l. O0 13.0 2,', o n 7') 32 2 7"_,'........................... ÷

4.9-- _1.- .............. 6oq< ....... 0140 ......... 0. 90 - " fJ-f)- l-_'O [ ] _- I1

q._ 1._.n o.,,n n. 0 ...... !?.f_ ..... I ___ .... P__ !e+3 -_7_...............................................
&¢. zq n.lo 1 .7Q O.] r, 0.0 4.,0 1 3 Z ]

4,_ _,_ o.}.) ............ _-Z2 ......... q_..3_ 4,,) _.o _ .._,3 ..... _2...... 1

_,v _,r! ............. o.!0 .......... _,_ZO........... "9-''_ .13.r, ...... _,_.q ____i_ 1_7....... __._ !"
4_ Ill 0.1O 1.79 0.35 lT,,q 29.0 i5 Irl 7 !_.

4<1 _,_ n.19 ....... 1.70 . c),3_ 7l.n_ ;_zo,o........ t'_ .!<) ...... ___. l,':
--- 5(_ _>o 1.5o "4.20 0. ,_¢_ 13.0 In.0 ")0 32 2 2r_

-%1 _o 1 ._q z,prt 0.65 lq.q _z+.O 70 3;[ 2 _o
- : , .......... - .._ ....................................................................................

97' 60 1,50 3.20 0_% < 0.q 12_.0 _ 1'3 ? 5

5-4 q2 ........... I,_ %.7'I r, qq 13 0 I q "; ?,_ 152 2 ?7

§:, :_7 1 .57 3.2:) 9._70 19.0 2:t.() _ _" Z2 2 ;)'<,
_t-, ,,;, I ._,q _,. 2,'1 t,,65 ....................0.0 4.'5 "% I'3.......... 7: r,!

............ ;......................................

_6 4% ] .,_<i "_.29, 0.6_ 5.n q,0 % I!3 2 51

'37 .,_-, _ _o Z ",n 0.. :',< q.r, I "}.q _ I , _ 'I

5[I 44 %.&.,+ 4, .=,0 ].. 7,0 I-{. () 74,0 :-_0 "g7 _ ,°7 i

%0 '6 O 1 r' 1.7¢I !'i35 l'_,n ;>_+ 0 l', 18 2 1(,

_! =%7 0.37 ......1,nn- n.,_n ,:.n 6.0 1 3 .... 2. s !
..............................

....... ._)_...... _,:_............ 0.-?7 1 ._o I. 7r_ _,.a 12.o 1 "J 7
f,,_ r_o 0 -,7 .t _0 1 2¢3 "t':' q ",_', n l _. In r, 1,-,

...... 66.- _o ......... 0'-15 ...... 1*1 el , '- 0o'_':) l_.n 24.0 l(, lq 2 ]")

i%7 ....._.7............... "4:_'_ z,.?0 ] .00 ().A 12.n 5 15 ,9 _
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(Normal Output)

| "5 13

I _ . 'q

' ) . 0

! ,1 _ 17

I

2',.0 3. _- '. e_ e,.500 I., ?OO, q_

!"."! .... !.17_ .... ',:r2q .... )-_,'_0 ....... !!__ 5:).....................................
"_". " 3. ]/-' _-. 400 1.2qO 31 :_,R

P', 0 1 ce,_ 3 _nO n 6qO q]

:;',,0 .%r_-_-z A.aDO _.oSq,_ 6 5¢

.-b i°.q I, <"; ', _.230 O.gSo 3"/

¢,
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(Normal Output After Switches)

IY.t-- 0 GAo=9. r:=n. OOOn

f}-- 0 . 27oZ4'.7;;_ 0'4

tO'_9 T'_I _' T,t,× YcT,S_|/ r)|_'tC:TF:_ I F:IGTH _ODU! ES

[ 7.0 q.O 2._Z 6.voo 2_.350 I 12 4-% 62
7 lO.n I2.n ,',. _o _.qn', 2.45n iq /42 4(, 63 64

3 4,o _..0 ] .O_,e (,.7nn 2.65,'1 7 It /,3 /-/, 60 61
4 O.O IP.O ! .qOC) _ .0!]0 4.500 23 24 2_5

0.9 12.q _.lqA ,_.n_n 1.250 3 %2

6 n% ....... !. "gfl ......... Z! ..........
0,3 I. (,50 9 5(-

0q I qq_ • o "

r,q I • nq,2 ] '_

_ 1. _o_ z6

nO 0.650 _

0 n [ ,. ,] _ O '_ 7

_0 1 . 0 E,"_ Io _-_

o:/ ] . oqo q

19 I _.0 74.0 _ .q,]q 4 .0'_0 3. oqr> ?r, 27

20 I-_ 0 o_.,._ 1.''_'_ %.'qC, 1.0%3 ?,n _r

2] 13.0 l._,O j.7"-% zo,49_ 1.5qq 41 53

2:' ]3.0 ?,.. O -_.,,or. _.r. no 1 oOOO ??

?_ ] 7.0 _ ).n ,; :)_v [,.?qrl i .': q q l° 30
0"9

74 l-4.n 74. _ -_.'_/,a 5.1":9 1 ">Oa
............................ • .......... : ......... t ........ • ' . ............ : " - ..........................................

_,_ lq (h '*%. 0 q. _,', h A _ '<qq ] , _[)N _,A

?f, lq .r] 1 t 0 -._ ] :_t. ,'_ nq_", ]. ?r]q /, 20
...... 5-2 ...... " --- "'" _ .... • "- ...... • ..... '_- ...............................................

_7 I _,0 _'- 0 ".q',4 /_.q]q 1 ?_q c_

.... 2.'_ ...... 1"__.0_. 1 q._q___.. -__'_?q ..... (:'77 q ..... [.. ,%r-]q ....... ] ] .... ':,e ..................................

2 ° 2t.9 ?',.q _,.1%_, ,3.',q_ ] .3")q 31 _,r_

-_n _O.n ">,,.n _. 1 -_. ,,.', on i.l<n _',I F'_'-]

31 l_ .,n r"'" of) ",. , q&'.& _,. F_qQ t.qOq 4

_= .................................................................................

............................................................................. - ........ [,-- ....................................................
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